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The demand for high-quality, nutritious food continues to increase as human populations grow.
As wild fisheries are depleted, aquaculture production is growing to meet the demand for
seafood. Sustainable alternatives to wild caught fish meal are increasingly valued for aquaculture
feed production. Microalgae and insect larvae are both valuable sources of fatty acids in
aquaculture feed. Black soldier fly larvae, Hermetia illucens (L.) are used to convert organic
waste streams into insect-based animal feeds. We tested their ability to retain alpha-linolenic acid
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) from feeding substrates,
which has important implications for their use in aquaculture. When supplementing a chicken
feed diet with increasing concentrations of salmon oil (0 - 42%) over an increasing number of
days (0 - 8), the concentrations of the three Ω-3 acids in larvae increased significantly. Larval
survival and biomass accumulation were not affected. Supplementing a chicken feed diet with
increasing concentrations (0 – 14%) of Tetraselmis chuii microalgae paste also significantly
increased ALA and EPA contents of the harvested larvae. However, microalgae also decreased
survival, harvested biomass, and individual growth of larvae feeding on the diet with the highest
supplement concentration (14%). DHA was not detected in any microalgae diet or subsequent

larval tissue samples. An automated, 1,700L photobioreactor system for microalgae production is
described along with its performance in producing Tetraselmis chuii. A second system is
described for producing black soldier fly larvae with automated moisture control of rearing
substrate. The performance of the system is also described.
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CHAPTER 1
INTRODUCTION
A food system comprises all entities producing, processing, transporting, consuming and
disposing of food. In 2018, 1.3 billion people lacked sufficient nutrition. The global cost of
malnutrition (e.g. ill-health, premature death) is estimated to be $3.5 trillion, annually (FAO
2019a). Furthermore, human population growth and economic development necessitate a
corresponding increase in food supply. Demand for edible items is predicted to double from
2011 to 2050 (FAO 2019a), including a 75% increase in meat demand (Alexandratos and
Bruinsma 2012).
Current food systems are already responsible for land conversion, habitat and biodiversity
loss, and 20-35% of greenhouse gas emissions (FAO 2019a). In particular, agricultural activities
result in production of considerable amounts of methane and nitrous oxide, which are 25 and 300
times more efficient greenhouse gasses than carbon dioxide (Vermeulen 2012). As resources are
increasingly consumed in food production the negative environmental impacts are likely to
become more severe.
Aquaculture is a growing, but still underutilized, area of food production that may
augment land-based agriculture and increase the sustainability of food production. However,
aquaculture of some species relies heavily on unsustainable feeds derived from fishmeal
(Mungkung et al. 2013). Annual landings of wild capture fisheries have fluctuated, but not
increased, since 1980s. However, total fish production (captured and aquacultured) has more
than doubled in that time, reaching 171 million tons in 2016. This was due to 5.8% annual
growth (2001-2016) in aquaculture production which, in 2016, amounted to 47% (53% excluding
non-food uses) marine products harvested and 20.3 kg consumed per capita. Since 1961 the rate
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of increase in fish consumption has been twice the rate of increase in human population growth
(FAO 2018). Unfortunately, unsustainably fished stocks have also increased by 0.56% annually
since 1974. Currently, 33.1% of existing stocks are overfished, 59.9% are harvested at maximum
sustainable yield, and only 7% are underfished (FAO 2018). Twelve percent of 2016 global
fisheries landings were used as feed in aquaculture or in land-based agriculture, either directly or
as fishmeal and fish oil in formulated feeds (FAO 2018). As an example, in 2006, 27% of
fishmeal in aquaculture feed was for shrimp production. Shrimp feed is typically 20-50%
fishmeal and feed costs amount to 50-80% of a shrimp farmers overall expenses (Naylor et al.
2009, Hardy 2010).
Fishmeal is found in many animal feeds because it contributes the protein and lipids
needed to compliment other, plant based, ingredients such as soymeal. As demand and cost for
fishmeal increase, alternative sources of protein and lipid become cost competitive. Development
of production systems for these alternatives further reduces their cost. Global feed production, in
2011, was 870M tons and had a monetary value of approximately $350B. An estimated 70%
increase is needed by 2050 to meet the demand described earlier in this chapter (FAO 2013). At
the same time, the fish stocks processed into fishmeal are in decline and prices increase. There
was a 75% decline in South American anchovy landings between 1994 and 2010 and fishmeal
prices increased 400% from 2000-2008 (FAO 2013).
Insect bioconversion of existing organic waste streams (offal, culled vegetables, manures,
etc.) provides an alternative source of high-quality protein and lipids (Tomberlin et al. 2015).
More than a billion tons of such organic material, potentially worth $750B, is discarded annually
(FAO 2012, Economist 2014). This approach is an active area of research and has already been
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commercialized in several countries for waste management, biofuels and aqua-/agriculture feed
and fertilizer production (Rumpold and Schlüter 2013).
With a high feed conversion ratio (1.4), black soldier fly larvae, Hermetia illucens (L.)
(Diptera: Stratiomyidae), can consume 2x their own weight in 24 h and grow from egg to
prepupae in less than a month (Makkar et al. 2014, Oonincx et al. 2015). They are omnivorous
saprotrophs that feed on a wide variety of organic substrates, including common biogenic wastes
such as manure, pre- and post-consumer food waste, and carrion (Sheppard et al. 2002,
Tomberlin et al. 2002, Holmes 2010, Nguyen 2010). Adults feed on sugary liquids (RichardGiroux and Spindola 2017), such as nectar and honeydew, but can survive and reproduce on the
reserves stored at the larval stage, without feeding (Myers et al. 2008). Black soldier flies are
globally distributed and have been observed from 55oN to 49oS lattitude (iNaturalist 2018).
Throughout its range, this species is generally not considered to be either an economic or an
environmental pest.
Despite their wide geographic range, black soldier flies still thrive only under a fairly
specific set of microenvironmental conditions. Moisture content of 60-70% (w : w) in larval
substrate is optimal for larval growth and development (Fatchurochim et al. 1989), while relative
air humidity of 60% is needed for successful egg hatching (Sheppard et al. 2002, Holmes 2010).
Temperatures optimal for their development range from 27°C - 33°C (Sheppard et al. 2002).
Lower developmental thresholds were determined to range between 12 and 16°C for eggs and
between 10 and 19°C for larvae (Holmes et al. 2016, Chia et al. 2018). However, feeding larvae
produce metabolic heat, which may partially compensate for suboptimal ambient temperatures
(Tomberlin et al. 2009). Tolerance to freezing is low in this species (Spranghers et al. 2017,
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Villazana and Alyokhin 2019a). Sufficient ambient light is an important condition for adult
mating, with an optimal irradiance of over 200 micromoles /m2/s (Sheppard et al. 2002).
Black soldier fly prepupae typically contain 40% protein and 35% lipid (Bondari and
Sheppard 1987), although their growth and biochemical makeup is influenced by their food
substrate. This is particularly true for crude fat levels (Barragan-Fonseca 2018). For example,
inclusion of 10% fish offal resulted in a 12-fold increase in the Ω-3 fatty acid proportion of total
lipids and doubled their growth rate (St. Hilaire et al. 2007). Fatty acid composition, in
particular, the amounts of the essential Ω-3 fatty acids, is an important factor responsible for
aquafeed quality. Alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) are important structural components of cell membranes and are
necessary for proper nutrition in vertebrate animals (Castell et al. 1972, Glencross 2009, Di
Pasquale 2009). They have multiple functions related to heart, blood vessels, lungs, immune
system, and endocrine system health, as well as serve as a store of energy (NIH 2018). In finfish,
deficiency in essential fatty acids may result in erosion of the caudal fin, myocarditis, increased
sensitivity to stressful situations, slow or stunted growth, and increased mortality (Castell et al.
1972, Millikin 1982, Watanabe 1982, Kennish et al. 1992, Ruyter et al. 2001), thus resulting in
considerable economic losses for aquaculture companies. Furthermore, high concentrations of Ω3 fatty acids in animal feeds are carried forward to animal products consumed by humans
(Bourre 2005). This is especially important because modern human diets are frequently deficient
in Ω-3 fatty acids (Di Pasquale 2009).
Algae is a common name of a polyphyletic group of mostly aquatic photosynthetic
organisms. Unicellular algal species are often referred to as microalgae, while multicellular algal
species are often referred to as macroalgae (South and Whittick 2009). Supplementing diets with

4

macroalgae (Ascophyllum nodosum L.) has been shown to boost Ω-3 fatty acids in black soldier
fly larvae (Liland et al. 2017). However, it may also increase concentrations of cadmium and
arsenic in harvested larvae above the levels considered to be safe for animal feed (Biancarosa et
al. 2018). Microalgae may be a more suitable supplement for enhancing lipids in black soldier
fly larvae, especially since there is already a large interest in their production on an industrial
scale. Microalgae production systems that utilize light/ photosynthesis are termed
photobioreactors and are already widely used to produce food, supplements/ pharmaceuticals and
biofuel. Microalgae are needed in aquaculture as they are the foundation of most marine/ aquatic
ecosystems. Microalgae are necessary for larval stages of many aquacultured species either
directly or in the production of grazing microorganisms (zooplankton, e.g. rotifers, Artemia).
Bivalve mollusks like the eastern oyster, Crassostrea virginica (Gmelin) require microalgae feed
in all life stages and hatcheries supplying oyster “seed” to aquaculturists must grow large
amounts of microalgae to grow oyster larvae to their shelled, juvenile stage. Microalgae
production can be more than 50% of a hatcheries overall expenses and more efficient, automated
means of microalgae production could benefit this industry regardless of their potential use in
growing value-added black soldier fly larvae enriched with Ω-3 fatty acids.
Integrated multitrophic aquaculture (IMTA) utilizes ecological relationships between
species occupying different trophic levels such that wastes generated by one species are handled
by other, ideally marketable, species/ crops. This creates an artificial ecosystem that improves
environmental sustainability, provides economic diversification, and reduces economic risk in
aquaculture (Troell et al. 2009). IMTA systems can be open-water or land-based and utilize
saltwater or freshwater (Troell et al. 2009, Granada et al. 2016). They commonly rely on filterfeeding organisms for extracting inorganic and organic nutrients from wastewater generated by
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other organisms from the same system, such as finfish or crustaceans. Mollusks and algae,
including phytoplankton, are commonly used to filter waste generated by higher trophic level
organisms (Marinho-Soriano et al. 2011).
Research presented in this dissertation aims to contribute towards developing land-based,
recirculating IMTA that combines growing oysters or other filter-feeding bivalves and
microalgae in combination with finfish. Bivalves are efficient at removing the fine particulate
matter that is otherwise energetically costly to handle using mechanical filtration. Microalgae
can remove nitrogenous waste, convert carbon dioxide to oxygen and serve as additional food for
oysters. The sustainability of this system is further improved if finfish feed is derived from
insectmeal rather than fishmeal. Moreover, black soldier fly larvae are effective in processing a
variety of seafood wastes (Villazana and Alyokhin 2019b), thus enhancing recycling potential of
the aquaculture operation. Their incorporation into the system and deeper integration with the
production of microalgae will result in a more efficient and environmentally friendly IMTA.
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CHAPTER 2
DOSE-DEPENDENT RETENTION OF OMEGA-3 FATTY ACIDS BY BLACK
SOLDIER FLY LARVAE (DIPTERA: STRATIOMYIDAE)
2.1. Introduction
Organic waste management is a serious economic and environmental problem. Human
food waste alone amounts to more than a billion tons of organic by-products of human activities,
potentially worth $750B (FAO 2011, EIU 2014). Insect bioconversion of organic waste streams
(offal, culled vegetables, manures, etc.) produces insect meal, which is a high-quality protein
replacement for fishmeal (Tomberlin et al. 2015). It is of growing interest for waste
management, aqua-/agriculture feed and fertilizer production, and even for making of biofuels.
Several start-up companies around the world are already working on commercialization of their
products (Rumpold and Schlüter 2013).
The black soldier fly, Hermetia illucens (L.) is native to the eastern United States and has
been widely introduced to tropical and subtropical regions, worldwide. Larvae of this species are
particularly suited for insect meal production. They are champions of bioconversion efficiency,
consuming their own weight in feed every 12 hours and having feed conversion ratio of 1.4
(Makkar et al. 2014, Oonincx et al. 2015). Unlike many other species of saprophagous flies,
black soldier flies are minimally attracted to humans or livestock; in fact, their presence inhibits
or excludes colonization of substrates by pest fly species (Sheppard 1983, Bradley and Sheppard
1984). Black soldier fly larvae also greatly reduce the volume of manure, nitrogen load, noxious
odors and harmful bacteria (Escherichia coli, Salmonella spp.) in animal production facilities
(Erickson et al. 2004).
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Black soldier fly larvae are highly omnivorous. Still, their performance can be
significantly affected by a substrate on which they are feeding (e.g., Alyokhin et al. 2019, Liu et
al. 2018, Jucker et al. 2017, Nguyen et al. 2015). Larval growth and development depend on a
balance of calories, fat and protein in their diets, rather than on their absolute amounts (Nguyen
et al. 2013). While protein content in resulting larvae is narrowly fixed, crude fat levels are
largely shaped by diet (Barragan-Fonseca 2018).
One benefit of using black soldier flies is their ability to accumulate essential fatty acids,
in particular Ω-3 fatty acids: alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA). These are important structural components of cell membranes and
are necessary for proper metabolism and good health in humans and other vertebrate animals
(Castell et al. 1972, Glencross 2009, Di Pasquale 2009); yet, their amounts in modern diets are
often insufficient (Di Pasquale 2009). ALA cannot be synthesized by humans and must be
ingested with food. It can then be converted into EPA and then to DHA, but the efficiency of
such conversion is low. Therefore, it is recommended that all three Ω-3 fatty acids are obtained
from foods or dietary supplements (Di Pasquale 2009). High concentrations of Ω-3 fatty acids in
animal feeds are important in achieving their high concentrations in animal products consumed
by humans (Bourre 2005).
St. Hilaire et al. (2007) found that supplementing cow manure with fish offal generated a
significant increase in total lipids and in the Ω-3 fraction of fatty acids. Adding fish offal for the
last day before harvest also greatly increased the fraction of Ω-3 fatty acids (0.23% vs. 3.96%)
but did not raise total lipids. Similarly, Barroso et al. (2017) reported significant increase in EPA
(but not DHA) in black soldier fly larvae fed for two or four days on the diet supplemented with
fish meal.
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Liland et al. (2017) found that supplementing a processed wheat diet with ground
macroalgae (Ascophyllum nodosum L.) also increased some of the Ω-3 fatty acids (ALA and
EPA, but not DHA) in black soldier fly larvae. However, larval growth and survival were
diminished on supplemented diets in that study, particularly when they contained more than 50%
of macroalgae. Also, Biancarosa et al. (2018) showed that when macroalgae contents were
higher than 20% of the diet, larval concentrations of cadmium and total arsenic exceeded the
levels considered to be safe for animal feed. Therefore, caution needs to be exercised when
incorporating wild-harvested macroalgae into black soldier fly diets.
Larval ability to retain Ω-3 fatty acids from their diets make them highly suitable for
recycling sea food wastes of animal or algal origins. However, these wastes constitute a
relatively small fraction of wastes available for processing using black soldier fly larvae. Their
high perishability may make them costly to transport and store. Furthermore, they may be more
valuable for other purposes (e.g., pet foods and nutritional supplements), which may affect their
cost and supply for larvae production. Therefore, there is a large incentive to minimize the
amounts of seafood wastes used for enriching more commonly available wastes (e.g., manures,
bakery or brewery wastes, etc.), or to substitute them with other substrates rich in Ω-3 fatty
acids. While Liland et al. (2017) found some potential for supplementing small amounts of
macroalgae, microalgae, which have different chemical and physical properties from
macroalgae, may prove more suitable for this purpose. Microalgae production systems are used
to sequester carbon dioxide and nutrients (nitrogen, phosphorous) from industrial and municipal
wastes (Sayre 2010, Whitton et al. 2015). The biomass of suitable, high fatty acid, microalgae
from these systems could also be used to supplement soldier fly larvae feed.
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Although the ability of black soldier fly larvae to accumulate Ω-3 fatty acids has been
established in general, the information on its specifics remains incomplete and somewhat
contradictory. Both St. Hilaire et al. (2007) and Liland et al. (2017) found increase in the fatty
acid concentrations in larvae fed on supplemented diets for the whole durations of the respective
experiments. Supplementing diet with fish offal for 24 hours before harvest significantly
increased the amounts of ALA, EPA, and DHA over control in the study by St. Hilaire et al.
(2007). However, this was not found with a 24-hour macroalgae supplement by Liland et al.
(2017). Barroso et al. (2017) found significant increase in EPA after 24 hours of feeding on a
diet supplemented by fish meal, but not in DHA. It is possible that fatty acid availability may
differ among various substrates. Also, the short duration of supplementation means there was
little time for larvae to ingest, digest and incorporate fatty acids into their tissues, and that
undigested substrate in gut or residues on the larvae’s outer cuticle may have contributed to the
fatty acids measured.
In the present study, we further investigated retention of Ω-3 fatty acids by growing black
soldier fly larvae on diets supplemented with these nutrients. The main goal was to achieve a
better understanding of the relationships between duration and concentration of fatty acid
supplementation and final fatty acid levels of harvested larvae, with a particular emphasis on
ALA, EPA, and DHA. This will allow optimizing the utilization of the materials that contain Ω-3
fatty acids, thus reducing cost of larvae production.
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2.2. Materials and Methods
2.2.1. Larval origins
Black soldier fly larvae were obtained from Symton BSF (College Station, TX). Early
third instars were shipped in plastic boxes containing a coconut coir substrate and used in
experiments within 48 hours after arrival.
2.2.2. Experimental design
Experiments were conducted in 1.3L plastic jars (12.4 cm diameter x 12.7 cm high, USP,
Lima, OH) covered with 830 µm insect screen. One hundred larvae were weighed as a batch and
placed into each container using soft forceps. The jars were arranged in randomized blocks and
incubated in an unlit environmental chamber (I-36VL, Percival Scientific, Perry, IA) for the
duration of the experiments. Unmedicated chicken feed (Home Fresh #2383, Blue Seal,
Muscatine, IA) was hydrated with distilled water (60% moisture w : w; Fatchurochim et al.,
1989) and fed ad libitum to the larvae every 48 hours. Chicken feed is commonly used as a
reference control diet in experiments with black soldier fly larvae (e.g., Diener et al. 2009,
Barroso et al. 2017). Composition of the chicken feed used in this study is described in Table
2.1. The experiments continued until the larvae started entering non-feeding prepupal stage that
is easily distinguishable by its darkened coloration. After that, all larvae from each jar were
counted, weighed as a batch, and stored in plastic Zip-loc bags at -80°C. Change in larval weight
adjusted by the number of larvae at the time of weighing was considered to represent individual
growth over the duration of the experiment.
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2.2.3. Interaction between feeding duration and fatty acid concentration
Black soldier fly larvae feeding on chicken feed were supplemented with salmon oil
(Alaska Naturals Pet Products, Bellingham, WA). We used pure oil instead of a fish residual to
reduce potential confounding effects of other components in a residual, which are likely to vary
depending on its source. We feel that at this early stage of research, establishing a general
relationship is more important than studying properties of a specific waste material.
Unmedicated chicken feed (Home Fresh #2383, Blue Seal, Muscatine, IA) was hydrated with
distilled water (60% moisture w : w; Fatchurochim et al., 1989) and fed ad libitum to the larvae
every 48 hours. For each experimental diet treatment, the salmon oil was thoroughly mixed with
chicken feed in single, large batches sufficient to feed all replicates, to ensure uniformity of feed.
Three salmon oil concentrations (13.8%, 27.6%, 41.4%, w : w) were supplemented for four time
periods (8, 4, 6, 2 days) before harvest, resulting in 12 experimental treatments. A thirteenth
treatment (control) received chicken feed with no salmon oil. The experiment was conducted at
20°C and replicated five times.
2.2.4. Retention of fatty acids from an algal source
In this experiment, chicken feed was supplemented with microalgal paste (Tetraselmis
3600, Reed Mariculture, Campbell, CA), instead of salmon oil, to determine if this autotrophderived supplement can be used to enhance Ω-3 fatty acid concentrations of harvested larvae.
Unmedicated chicken feed (Home Fresh #2383, Blue Seal, Muscatine, IA) was hydrated with
distilled water mixed with varying concentrations of algal paste (3%, 7%, 10% and 14%, w : w)
and artificial sea salt (Crystal Sea Marine Mix, Marine Enterprises International, Baltimore, MD)
sufficient to bring all feed treatments to 60% moisture w : w ( Fatchurochim et al., 1989) at a
uniform salinity (32 ppt) and fed ad libitum to the larvae every 48 hours. For each diet treatment,
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the algal paste was thoroughly mixed with chicken feed, in single, large batches sufficient to feed
all replicates, to ensure uniformity of feed. A fifth, control treatment received no algae. There
were five replicates per treatment and the larvae were incubated at 20°C.
2.2.5. Fatty acid analysis
Lipids were extracted from diet and larval tissue samples using the direct methylation
method as described by Ramos-Bueno et al. (2016). Frozen larvae were lyophilized to constant
weight. One g of dry larvae was combined with 3 ml of hexane (containing an internal standard)
and 6 ml of methanol/acetyl chloride solution (20:1) in a glass test tube (25 ml). The internal
standard was nonadecanoic acid (2 mg/ml) and methanol/acetyl chloride was prepared in small
volumes, as needed, to ensure use within ~2 hrs. The sample and reagents were homogenized in
the test tube then heated in a sand bath, with loosened/ vented caps, at 80°C for 30 min. Tubes
were removed from heat and allowed to cool to room temperature before adding 3 ml distilled
water, vortexed, and centrifuged for 3 min @ 1300 rpm. The top phase (lipid/ hexane layer) was
then transferred to a graduated, conical, glass test tube (15 ml). Another 3 ml of hexane (w/o
internal standard) and 3 ml distilled water were added to the original, 25 ml tube, vortexed,
centrifuged and top phase transferred a second time to maximize recovery of fatty acid methyl
esters (FAMEs). Finished extractions were dried to the original internal standard volume (3 ml)
by evaporating excess hexane under nitrogen gas and finally transferred to sample vials for
GC/MS analysis. A reference standard, containing a mixture of 20 FAMEs (68D, Nu-Check
Prep, Inc. Elysian, MN) was dissolved in hexane at 10 mg/ml along with methylated internal
standard (methyl nonadecanoate) at 2 mg/ml.
FAME Extractions were analyzed using a GC/MS (6890 GC/5973 MSD, Agilent
Technologies, Santa Clara, CA) with an Omegawax 250 capillary column (#24136,
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MilliporeSigma, Darmstadt, DE). The inlet temperature was 250oC with a split ratio of 50:1 and
the detector temperature was 230°C. For each 1 µl sample and standard mixture injected, the
column was heated from 105°C to 250°C at a rate of 10°C/min and helium was used as a carrier
gas. Mass spectra were analyzed using MSD Chemstation E.02.02.1431 software (Agilent
Technologies). The external standard was used to confirm retention times and calibrate
quantitation of FAMEs in larvae samples. FAME identification was confirmed by mass spectral
ionization ratios from the Agilent Chemstation library.
2.2.6. Statistical analyses
All analyses were conducted using MATLAB R2018b (The MathWorks Inc., Natick,
MA). Analyses were performed on individual larval growth, survival, final biomass, and
concentration of individual fatty acids. Data were tested for normality with Anderson-Darling
test. The data that were not normally distributed were transformed using rank transformation.
Treatment effects were analyzed using one- or two-way ANOVAs, depending on the
experimental design as described above. The mean of control values was subtracted from
treatments to balance design of two-way ANOVAs. When overall treatment effects were
statistically significant, individual means were separated among the treatments using Tukey tests.
Possible interactions among concentrations of various fatty acids were investigated by
Spearman’s rank correlations.
Because of their dietary importance, Ω-3 fatty acids were subjected to further statistical
analyses. Relationships between the amounts of food supplements containing those fatty acids
and their concentrations in the tissues of harvested larvae were investigated by fitting linear and
quadratic functions (Liland et al. 2017) using the Curve Fitting application in MATLAB. The
best fitting curves were selected based on their r2 values.
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2.3. Results
2.3.1. Interaction between feeding duration and fatty acid concentration
At the end of the experiment, 81.1 ± 1.19% (mean ± SE) of the larvae fed on chicken
feed supplemented with salmon oil and on unsupplemented control feed remained alive. Their
final biomass combined for each larvae in each jar was equal to 9.08 ± 0.17 g, which
corresponded to 112.22 ± 1.69 mg per surviving larvae. Neither concentration nor duration of
supplementing the chicken feed with salmon oil nor their interactions significantly affected larval
survivorship or growth (Table 2.2). To the contrary, both concentration and duration of
supplementing had a significant effect on the concentration of many, but not all, fatty acids in the
tissues of harvested larvae. In particular, both factors significantly influenced concentrations of
Ω-3 fatty acids, and their interactions were also statistically significant for ALA (Tables 2.3 and
2.4). Based on the results of Tukey tests, all the treatments were significantly different from each
other for all three Ω-3 fatty acids (p < 0.05).
All three Ω-3 polyunsaturated fatty acids tested in this study were accumulated in dosedependent manner (Figure 2.1). The relationships were true both for increasing the concentration
of supplements fed to larvae over the entire duration of experiments, as well as for increased
durations of supplementation. ALA contents in harvested larvae increased linearly with the
increase in duration of feeding. For EPA and DHA, the increase slowed as duration of
supplementation increased, with the quadratic function providing a better fit to the collected data
(Figure 2.1). Spearman’s Rank Correlation analysis showed a number of both positive and
negative significant correlations between concentrations of different fatty acids in larvae (Table
2.5).
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2.3.2. Retention of fatty acids from an algal source
The concentration of algal paste in larvae diets significantly affected survival (F4,20 =
9.89, p = 0.0001), final biomass (F4,20 = 8.11, p = 0.0005) and individual growth (F4,20 = 5.37, p
= 0.0042). As the concentration of algal paste in feed increased, survival and final biomass
decreased. Individual growth increased initially and then dropped (Figure 2.2). Similar to the
salmon oil, supplementing the chicken feed with algal paste had a significant effect on the
concentration of many, but not all, fatty acids in the tissues of harvested larvae (Table 2.6).
While this was true for ALA and EPA (Figure 2.3), larval DHA concentrations were <0.01mg/g
in all treatments and not significantly different between treatments. Spearman’s Rank Correlation
analysis showed several positive or negative significant correlations between concentrations of
various fatty acids in harvested larvae (Table 2.7).
2.4. Discussion
This work is generally consistent with prior results by St. Hilaire et al. (2007), Barroso et
al. (2017) and Liland et al. (2017) in finding that fatty acid amounts in black soldier fly larvae
can be increased by supplementing their feed with marine-derived ingredients of animal and
algal origins, although some of the details varied among the studies. Similar to our findings, St.
Hilaire et al. (2007) detected increase in all three Ω-3 fatty acids after feeding on animalenriched diets. Barroso et al. (2017) detected sustained increase in EPA levels after 48 hours of
feeding on enriched substrate. In that study, however, concentrations of DHA increased after
several hours of feeding, but then returned to control levels after 24 or more hours of feeding.
Finally, the use of algae-based supplements did not result in the increase in DHA retention in our
study, or in the work published by Liland et al. (2017) because they contained little or no DHA.
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Our results support the hypothesis that continuous supplementation of feed with fatty acid
rich ingredients throughout the life cycle of black soldier fly larvae is unnecessary. Instead, this
is best accomplished as a “finishing” step before harvest. High fatty acid ingredients are
relatively costly and perishable; therefore, supplementing optimal amounts during the last few
days before harvest will reduce overall cost, labor, and bacterial/ fungal contamination. This is in
agreement with the data published by St. Hilaire et al. (2007) and Barroso et al. (2017).
However, Liland et al. (2017) did not find any increase in fatty acid contents of larvae fed on
pure macroalgae for 24 hours. It is possible that a longer period of time was necessary for them
to digest that substrate, which was generally not favorable for larval development.
Similar to our results, Liland et al. (2017) found either quadratic or linear increases in
fatty acid contents of larvae fed on the diets supplemented with macroalgae. It is possible that
linear responses would have become quadratic if wider ranges of concentrations and durations
were tested. When slope became negative at the higher levels of fish oil or microalgae, it was
either due to substrate becoming unfavorable for larval development, as a result of its altered
physical or chemical properties, or due to excessively high fatty acids displacing other nutrients
in larval tissues. Spranghers et al. (2017) reported that high contents of grease in restaurant
wastes had a negative effect on the development of black soldier fly larvae. In practical terms,
the observed dose-response relationships suggest that little is gained by diet supplementation in
excess of 30% or 4 days. This will save the amounts of substrates rich in Ω-3 fatty acids, which
are likely to be more valuable than other wastes suitable for black soldier fly larvae.
In this study, growth, survival and final biomass of the tested larvae were negatively
affected by algal paste but not by salmon oil. Similarly, increased contents of macroalgae
decreased larval survival and growth in the study by Liland et al. (2017). The nutritional
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differences in the algae paste diets, as well as higher concentrations of potentially toxic
chemicals (Biancarosa et al. 2017) could have been at least partially responsible for the observed
effect. However, we also observed that higher concentrations of algal paste produced clumps in
the feed substrate, resulting in lower moisture retention and reduced overall volume of friable
substrate available as habitat and feed. Further refinement of feed formulation and production
methods to minimize clumping of substrate may be an important consideration for inclusion of
microalgae in commercial scale larvae production.
Although black soldier flies can retain ingested fatty acids and change fatty acid profiles
in their tissues accordingly, the process appears to be more complicated than simple addition of
extra fatty acids on top of the already existing ones. Significant negative correlations between
several fatty acids (Tables 2.5 and 2.7) indicate that they may replace one another in living
larvae. There is also evidence that black soldier flies metabolize a large proportion of fatty acids
to C12:0 when fed on low-fat diets but store them in their dietary forms when fed on high-fat
diets (Oonicx et al. 2015). Therefore, optimizing nutrient content of harvestable larvae is likely
to be more complicated than simply enriching their diets with Ω-3 fatty acids.
Another important consideration in designing future substrate mixes for enriching black
soldier fly larvae with Ω-3 polyunsaturated fatty acids is background composition of feedstock
prior to enrichment. St. Hilaire et al. (2007) used manure which was low in all Ω-3 fatty acids
and larvae benefited greatly from addition of fish offal. Chicken feed used in our study was high
in ALA and contained low levels of EPA and DHA. However, all three fatty acids were still
elevated by inclusion of algae and salmon oil. To the contrary, Liland et al. (2017) used a
proprietary wheat-based control diet that was so high in ALA that increasing levels of
macroalgae actually diluted overall ALA.
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Despite all the challenges that need to be addressed by future research, black soldier fly
ability to recycle Ω-3 polyunsaturated fatty acids from a variety of sources is likely to be of great
value for their use as an aquafeed component. Plant-based aquafeeds tend to have reduced
digestibility and lack specific essential amino acids as well as long-chain Ω-3 polyunsaturated
fatty acids. Similarly, algae aquafeeds can reduce fish growth and feed conversion efficiency
(Norambuena et al. 2015). While the nutritional benefits of plant and algal ingredients in
aquafeed vary greatly among cultured species, they are generally beneficial at small levels, but
counter-productive when fed in high amounts (Norambuena et al. 2015). The poor digestibility
and growth associated with plant and algae ingredients could be remedied by bio-converting
these materials into insect meal and oil.
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Table 2.1. Composition of chicken feed used as black soldier fly larval substrate in the
present study.
A. Fatty acid concentrations (mg/g, mean ± SE). B. Nutrition information (from manufacturer).
Fatty Acid
Concentration
14:0
0.04 ± 0.01
14:1n-5
0.00 ± 0.00
16:0
2.96 ± 0.02
16:1n-7
0.04 ± 0.00
18:0
0.48 ± 0.00
18:1n-9
3.17 ± 0.00
18:1n-7
0.23 ± 0.00
18:2n-6
5.65 ± 0.02
18:3n-3 (ALA)
0.72 ± 0.01
20:0
0.06 ± 0.00
20:1n-9
0.10 ± 0.00
20:2n-6
0.01 ± 0.00
20:4n-6
0.00 ± 0.00
20:3n-3
0.00 ± 0.00
20:5n-3 (EPA)
0.00 ± 0.00
22:0
0.05 ± 0.00
22:1n-9
0.01 ± 0.00
22:6n-3 (DHA)
0.01 ± 0.00
24:0
0.05 ± 0.00
24:1n-9
0.00 ± 0.00

Crude protein, min
Lysine, min
Methionine, min
Crude fat, min
Crude fiber, max
Calcium, min
Calcium, max
Phosphorus, min
Salt, min
Salt, max
Manganese, min
Selenium, min
Vitamin A, min
Vitamin E, min
Phytase, min

16.00
0.75
0.37
3.00
4.00
3.30
4.30
0.60
0.20
0.70
135
0.3
4275
21
454

%
%
%
%
%
%
%
%
%
%
ppm
ppm
IU/lb
IU/lb
FYT/lb

C. List of ingredients (from manufacturer).
Ground corn, processed grain by-products, soybean meal, calcium carbonate, monocalcium
phosphate, vegetable oil, salt, dl-methionine, l-lysine, rice hulls, reed-sedge peat, choline
chloride, salt of butyric acid, yeast extract, dried Bacillus subtilis fermentation product, dried
Trichoderma reesei fermentation product, dried Bacillus amyloliquefaciens fermentation
product, dried Aspergillus oryzae fermentation extract (phytase), manganese sulfate, manganese
amino acid complex, zinc sulfate, zinc amino acid complex, ferrous sulfate, selenium yeast,
copper sulfate, copper amino acid complex, calcium iodate, mineral oil, vitamin A acetate,
vitamin D3 supplement, vitamin E supplement, niacin supplement, biotin, calcium pantothenate,
riboflavin supplement, menadione sodium bisulfite complex, vitamin B12 supplement,
pyridoxine hydrochloride, thiamine mononitrate, folic acid, tagetes extract (Aztec Marigold).
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Table 2.2. Results of the two-way ANOVAs testing effects of supplementing black soldier
fly diet with salmon oil, for varying durations and at varying concentrations, on survival,
final biomass and individual growth of larvae.
Parameter

Factor

df

F

P

3,24

1.25

0.3122

Duration

2,24

0.01

0.9855

Interaction

6,24

1.48

0.2270

Concentration

3,24

0.06

0.9797

Duration

2,24

0.46

0.6359

Interaction

6,24

1.92

0.1177

3,24

1.76

0.1812

Duration

2,24

0.41

0.6703

Interaction

6,24

1.91

0.1211

Survival (%) Concentration

Biomass (g)

Growth (mg) Concentration
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Table 2.3. Results of the two-way ANOVAs testing effects of supplementing black soldier
fly diet with salmon oil, for varying durations and at varying concentrations, on fatty acid
concentrations of larvae.
Fatty Acids

Factors
Duration
F3,24

14:0

Concentration
p

F2,24

Interaction

p

F6,24

p

1.47

0.2479

3.39

0.0506

2.38

0.0602

14:1n-5

13.03

0.0000

0.12

0.8897

3.11

0.0212

16:0

10.03

0.0002

15.17

0.0001

3.57

0.0114

16:1n-7

16.14

0.0000

10.83

0.0004

3.59

0.0111

2.17

0.1177

1.80

0.1876

4.38

0.0040

18:1n-9

12.98

0.0000

3.71

0.0395

5.50

0.0011

18:1n-7

2.44

0.0888

2.71

0.0866

3.42

0.0139

18:2n-6

3.77

0.0240

6.58

0.0053

2.82

0.0319

10.01

0.0002

5.16

0.0137

3.54

0.0119

3.02

0.0497

6.11

0.0072

4.59

0.0031

20:1n-9

15.58

0.0000

15.53

0.0000

2.00

0.1052

20:2n-6

15.41

0.0000

20.29

0.0000

2.16

0.0834

20:4n-6

19.92

0.0000

11.03

0.0004

1.89

0.1240

20:3n-3

8.54

0.0005

19.05

0.0000

2.66

0.0401

26.35

0.0000

11.07

0.0004

1.74

0.1548

6.28

0.0027

13.95

0.0001

2.05

0.0980

22:1n-9

10.25

0.0002

28.65

0.0000

2.01

0.1037

22:6n-3 (DHA)

10.92

0.0001

23.93

0.0000

1.41

0.2525

24:0

2.82

0.0606

1.87

0.1760

1.15

0.3629

24:1n-9

9.65

0.0002

23.53

0.0000

1.55

0.2038

18:0

18:3n-3 (ALA)
20:0

20:5n-3 (EPA)
22:0
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Table 2.4. Fatty acid concentrations (mg/g, mean ± SE) of black soldier fly larvae after supplementing their diets with salmon
oil, for varying concentrations (row 1) and durations (row 2).

Concentration
Duration

0%

13.8%

27.6%

41.4%

0

2

4

6

8

2

4

6

8

2

4

6

8

14:0

3.95 ± 0.19

4.46 ± 0.02

4.42 ± 0.08

4.51 ± 0.16

4.37 ± 0.17

4.44 ± 0.08

4.52 ± 0.07

4.00 ± 0.09

5.00 ± 0.16

4.19 ± 0.13

4.71 ± 0.17

4.70 ± 0.16

5.09 ± 0.12

14:1n-5

0.41 ± 0.02

0.40 ± 0.00

0.37 ± 0.01

0.31 ± 0.02

0.30 ± 0.01

0.41 ± 0.01

0.34 ± 0.01

0.27 ± 0.00

0.34 ± 0.02

0.33 ± 0.01

0.34 ± 0.02

0.31 ± 0.02

0.36 ± 0.02

16:0

6.80 ± 0.30

7.60 ± 0.20

7.97 ± 0.11

8.22 ± 0.13

7.85 ± 0.27

7.78 ± 0.17

8.59 ± 0.22

7.49 ± 0.19

9.75 ± 0.49

7.34 ± 0.25

8.86 ± 0.41

9.46 ± 0.45 10.30 ± 0.41

16:1n-7

2.36 ± 0.02

2.07 ± 0.90

2.28 ± 0.94

3.44 ± 0.13

2.28 ± 0.91

3.11 ± 0.03

3.55 ± 0.09

3.01 ± 0.10

4.14 ± 0.22

2.96 ± 0.07

3.67 ± 0.20

3.86 ± 0.20

4.27 ± 0.15

18:0

2.39 ± 0.13

2.61 ± 0.09

2.59 ± 0.04

2.60 ± 0.06

2.36 ± 0.08

2.67 ± 0.10

2.82 ± 0.16

2.33 ± 0.06

3.10 ± 0.25

2.20 ± 0.14

2.72 ± 0.23

3.00 ± 0.21

3.38 ± 0.17

18:1n-9

5.78 ± 0.26

7.10 ± 0.35

5.44 ± 2.14

7.72 ± 0.31

7.42 ± 0.36

7.28 ± 0.31

7.79 ± 0.36

7.02 ± 0.23

9.16 ± 1.27

6.55 ± 0.14

7.44 ± 0.41

8.11 ± 0.42 10.54 ± 1.31

18:1n-7

2.12 ± 1.28

0.98 ± 0.01

0.87 ± 0.02

1.07 ± 0.03

1.02 ± 0.05

0.99 ± 0.05

1.24 ± 0.01

0.98 ± 0.01

3.50 ± 2.53

1.03 ± 0.00

1.19 ± 0.02

1.19 ± 0.05

6.06 ± 2.47

18:2n-6
Fatty Acids

5.36 ± 0.18

5.07 ± 0.16

4.80 ± 0.06

4.71 ± 0.13

4.71 ± 0.21

5.13 ± 0.25

4.45 ± 0.01

4.33 ± 0.17

3.21 ± 1.51

4.58 ± 0.16

4.42 ± 0.11

4.46 ± 0.08

4.71 ± 0.08

18:3n-3 (ALA)

0.97 ± 0.05

1.18 ± 0.04

1.31 ± 0.03

1.37 ± 0.04

1.33 ± 0.08

1.24 ± 0.01

1.38 ± 0.03

1.19 ± 0.06

1.66 ± 0.10

1.16 ± 0.04

1.47 ± 0.10

1.55 ± 0.10

1.68 ± 0.07

20:0

0.07 ± 0.01

0.08 ± 0.01

0.09 ± 0.00

0.09 ± 0.01

0.08 ± 0.00

0.08 ± 0.00

0.12 ± 0.02

0.08 ± 0.00

0.13 ± 0.02

0.07 ± 0.01

0.10 ± 0.02

0.13 ± 0.02

0.16 ± 0.01

20:1n-9

0.08 ± 0.03

0.94 ± 0.20

1.25 ± 0.26

1.46 ± 0.35

1.31 ± 0.23

0.90 ± 0.21

2.29 ± 0.21

1.05 ± 0.10

2.41 ± 0.20

0.76 ± 0.07

1.87 ± 0.45

2.43 ± 0.24

2.77 ± 0.17

20:2n-6

0.03 ± 0.00

0.11 ± 0.01

0.15 ± 0.01

0.19 ± 0.03

0.19 ± 0.01

0.14 ± 0.02

0.23 ± 0.10

0.17 ± 0.01

0.34 ± 0.03

0.09 ± 0.05

0.28 ± 0.03

0.33 ± 0.05

0.39 ± 0.03

20:4n-6

0.00 ± 0.00

0.17 ± 0.01

0.25 ± 0.01

0.28 ± 0.02

0.27 ± 0.02

0.19 ± 0.01

0.33 ± 0.02

0.26 ± 0.00

0.37 ± 0.04

0.19 ± 0.02

0.32 ± 0.04

0.38 ± 0.03

0.40 ± 0.02

20:3n-3

0.00 ± 0.00

0.05 ± 0.00

0.07 ± 0.01

0.09 ± 0.01

0.09 ± 0.01

0.09 ± 0.03

0.13 ± 0.02

0.09 ± 0.00

0.15 ± 0.02

0.08 ± 0.01

0.15 ± 0.02

0.16 ± 0.02

0.19 ± 0.01

20:5n-3 (EPA)

0.05 ± 0.02

3.08 ± 0.13

3.95 ± 0.08

4.45 ± 0.10

4.34 ± 0.21

3.34 ± 0.13

4.53 ± 0.07

3.96 ± 0.10

4.86 ± 0.29

3.44 ± 0.12

4.72 ± 0.27

5.01 ± 0.18

4.95 ± 0.08

22:0

0.01 ± 0.00

0.02 ± 0.00

0.02 ± 0.00

0.02 ± 0.01

0.02 ± 0.00

0.02 ± 0.00

0.04 ± 0.01

0.02 ± 0.00

0.04 ± 0.01

0.02 ± 0.00

0.03 ± 0.00

0.03 ± 0.00

0.05 ± 0.00

22:1n-9

0.01 ± 0.00

0.07 ± 0.03

0.13 ± 0.06

0.32 ± 0.19

0.18 ± 0.14

0.10 ± 0.08

0.56 ± 0.22

0.21 ± 0.15

0.60 ± 0.26

0.16 ± 0.11

0.56 ± 0.24

0.59 ± 0.23

0.93 ± 0.03

22:6n-3 (DHA)

0.02 ± 0.01

1.59 ± 0.09

2.22 ± 0.12

2.63 ± 0.36

2.70 ± 0.26

2.05 ± 0.08

3.88 ± 0.23

2.77 ± 0.16

3.99 ± 0.31

2.41 ± 0.17

3.96 ± 0.35

4.28 ± 0.30

4.39 ± 0.14

24:0

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.02 ± 0.00

0.01 ± 0.00

0.02 ± 0.00

0.01 ± 0.00

0.02 ± 0.01

0.02 ± 0.00

0.02 ± 0.00

24:1n-9

0.00 ± 0.00

0.02 ± 0.02

0.00 ± 0.00

0.11 ± 0.01

0.11 ± 0.05

0.06 ± 0.05

0.35 ± 0.03

0.09 ± 0.05

0.36 ± 0.04

0.19 ± 0.05

0.33 ± 0.04

0.33 ± 0.09

0.44 ± 0.02
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Table 2.5. Spearman correlation matrix of pooled fatty acid concentrations from two-factor salmon oil supplementation
experiment (ρ over p, N=39).
14:1n-5

16:0

16:1n-7

18:0

18:1n-9 18:1n-7 18:2n-6 18:3n-3
(ALA)

0.5585
0.0002
0.0729
0.6593
0.7300
<.0001
0.6694
<.0001

0.7773
<.0001
-0.1739
0.2897
0.9235
<.0001
0.9530
<.0001
0.7966
<.0001

Fatty Acids
14:0
14:1n-5
16:0
16:1n-7
18:0
18:1n-9
18:1n-7
18:2n-6
18:3n-3
(ALA)
20:0

0.1470 0.8275 0.8271
0.3720 <.0001 <.0001
-0.2045 -0.2399
0.2118 0.1413
0.9581
<.0001

0.6684
<.0001
-0.0536
0.7457
0.8077
<.0001
0.8083
<.0001
0.8654
<.0001
0.8856
<.0001

0.1152
0.4850
0.6492
<.0001
-0.1443
0.3807
-0.1342
0.4153
0.2192
0.1799
0.0002
0.9990
-0.0002
0.9990

0.8000
<.0001
-0.1848
0.2600
0.9263
<.0001
0.9692
<.0001
0.7409
<.0001
0.9682
<.0001
0.8609
<.0001
-0.0648
0.6952

20:0
0.5482
0.0003
-0.0945
0.5670
0.7838
<.0001
0.7160
<.0001
0.9304
<.0001
0.8022
<.0001
0.8862
<.0001
-0.0565
0.7327
0.7749
<.0001

20:1n-9 20:2n-6 20:4n-6 20:3n-3 20:5n-3
(EPA)
0.5565
0.0002
-0.4500
0.0040
0.8656
<.0001
0.8672
<.0001
0.6974
<.0001
0.8415
<.0001
0.7962
<.0001
-0.3773
0.0179
0.8615
<.0001
0.8413
<.0001

20:1n-9
20:2n-6
20:4n-6
20:3n-3
20:5n-3
(EPA)
22:0
22:1n-9
22:6n-3
(DHA)
24:0
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0.5775
0.0001
-0.4075
0.0100
0.8737
<.0001
0.8737
<.0001
0.7008
<.0001
0.8395
<.0001
0.8061
<.0001
-0.3652
0.0223
0.8684
<.0001
0.8437
<.0001
0.9931
<.0001

0.5569
0.0002
-0.4441
0.0046
0.8741
<.0001
0.8887
<.0001
0.7150
<.0001
0.8725
<.0001
0.7927
<.0001
-0.2947
0.0685
0.8856
<.0001
0.8093
<.0001
0.9733
<.0001
0.9692
<.0001

0.5771
0.0001
-0.3694
0.0206
0.8409
<.0001
0.8324
<.0001
0.5646
0.0002
0.7834
<.0001
0.6915
<.0001
-0.4360
0.0055
0.7960
<.0001
0.7105
<.0001
0.9083
<.0001
0.9034
<.0001
0.8777
<.0001

0.6658
<.0001
-0.4326
0.0060
0.9099
<.0001
0.9364
<.0001
0.6350
<.0001
0.8897
<.0001
0.7680
<.0001
-0.3024
0.0613
0.9124
<.0001
0.7196
<.0001
0.9287
<.0001
0.9269
<.0001
0.9593
<.0001
0.8599
<.0001

22:0
0.4964
0.0013
-0.3490
0.0294
0.8122
<.0001
0.7644
<.0001
0.7830
<.0001
0.7640
<.0001
0.7947
<.0001
-0.3053
0.0588
0.7727
<.0001
0.9172
<.0001
0.9462
<.0001
0.9520
<.0001
0.9030
<.0001
0.8231
<.0001
0.8239
<.0001

22:1n-9 22:6n-3
(DHA)
0.5462
0.0003
-0.4334
0.0058
0.8279
<.0001
0.8077
<.0001
0.5949
<.0001
0.7298
<.0001
0.7010
<.0001
-0.4634
0.0030
0.7765
<.0001
0.7692
<.0001
0.9534
<.0001
0.9587
<.0001
0.9079
<.0001
0.9085
<.0001
0.8613
<.0001
0.9261
<.0001

0.5810
0.0001
-0.4115
0.0092
0.8646
<.0001
0.8462
<.0001
0.6215
<.0001
0.7775
<.0001
0.7383
<.0001
-0.4275
0.0066
0.8277
<.0001
0.7763
<.0001
0.9676
<.0001
0.9773
<.0001
0.9411
<.0001
0.9160
<.0001
0.9136
<.0001
0.9186
<.0001
0.9771
<.0001

24:0

24:1n-9

0.3850
0.0155
-0.1500
0.3621
0.5439
0.0003
0.5182
0.0007
0.6124
<.0001
0.5431
0.0004
0.5854
<.0001
-0.1219
0.4599
0.5439
0.0003
0.7152
<.0001
0.6899
<.0001
0.6873
<.0001
0.6405
<.0001
0.6093
<.0001
0.5567
0.0002
0.7700
<.0001
0.6785
<.0001
0.6543
<.0001

0.5393
0.0004
-0.4243
0.0071
0.8306
<.0001
0.8178
<.0001
0.6067
<.0001
0.7383
<.0001
0.7122
<.0001
-0.4437
0.0047
0.7873
<.0001
0.7775
<.0001
0.9585
<.0001
0.9698
<.0001
0.9117
<.0001
0.8917
<.0001
0.8652
<.0001
0.9328
<.0001
0.9854
<.0001
0.9794
<.0001
0.6636
<.0001

Table 2.6. Fatty acid concentrations (mg/g, mean ± SE), and ANOVA results, of black
soldier fly larvae after supplementing their diets with different concentrations of algae
paste.

Fatty Acids

Concentration of algae paste in feed
0%

3%

7%

10%

ANOVA results
14%

F4,20

p

14:0

3.85 ± 0.10

4.45 ± 0.14

4.65 ± 0.28

4.28 ± 0.27

3.63 ± 0.35

2.93

0.0465

14:1n-5

0.28 ± 0.02

0.30 ± 0.01

0.33 ± 0.04

0.21 ± 0.02

0.21 ± 0.02

5.17

0.0050

16:0

5.29 ± 0.20

5.65 ± 0.27

6.21 ± 0.40

6.05 ± 0.23

6.05 ± 0.30

1.66

0.1985

16:1n-7

3.00 ± 0.17

3.06 ± 0.21

2.91 ± 0.29

2.64 ± 0.17

3.03 ± 0.25

0.58

0.6792

18:0

1.45 ± 0.12

1.62 ± 0.11

1.67 ± 0.12

1.53 ± 0.10

1.65 ± 0.14

0.58

0.6824

18:1n-9

4.94 ± 0.21

5.72 ± 0.24

6.36 ± 0.38

6.09 ± 0.25

6.09 ± 0.27

4.02

0.0149

18:1n-7

1.26 ± 0.12

1.47 ± 0.19

1.73 ± 0.30

1.89 ± 0.07

2.40 ± 0.29

4.19

0.0126

18:2n-6

4.33 ± 0.32

5.73 ± 0.21

6.81 ± 0.44

7.14 ± 0.28

6.96 ± 0.41

11.78

0.0000

18:3n-3(ALA)

0.45 ± 0.04

0.79 ± 0.06

1.15 ± 0.12

1.46 ± 0.09

1.58 ± 0.13

23.79

0.0000

20:0

0.04 ± 0.00

0.04 ± 0.00

0.04 ± 0.00

0.03 ± 0.00

0.04 ± 0.00

1.39

0.2720

20:1n-9

0.07 ± 0.01

0.08 ± 0.01

0.09 ± 0.01

0.08 ± 0.01

0.08 ± 0.01

1.47

0.2476

20:2n-6

0.03 ± 0.00

0.03 ± 0.00

0.02 ± 0.00

0.02 ± 0.00

0.02 ± 0.00

2.70

0.0602

20:4n-6

0.01 ± 0.00

0.03 ± 0.00

0.04 ± 0.00

0.06 ± 0.00

0.10 ± 0.01

40.51

0.0000

20:3n-3

<0.01

<0.01

<0.01

0.01 ± 0.00

0.01 ± 0.00

6.24

0.0020

20:5n-3(EPA)

0.04 ± 0.01

0.09 ± 0.01

0.18 ± 0.02

0.24 ± 0.02

0.41 ± 0.04

39.36

0.0000

22:0

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.23

0.9170

22:1n-9

<0.01

<0.01

<0.01

<0.01

<0.01

1.22

0.3319

22:6n-3(DHA)

<0.01

<0.01

<0.01

<0.01

<0.01

1.40

0.2707

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.01 ± 0.00

0.88

0.4928

<0.01

<0.01

<0.01

<0.01

<0.01

0.53

0.7118

24:0
24:1n-9
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Table 2.7. Spearman correlation matrix of pooled fatty acid concentrations from algae paste supplementation experiment (ρ
over p, N=25).
Fatty 14:1n-5 16:0 16:1n-7 18:0 18:1n-9 18:1n-7 18:2n-6
Acids
14:0 0.5377 0.6646 0.2077 0.6077 0.6023 0.2108 0.3639
0.0056 0.0003 0.3191 0.0013 0.0014 0.3119 0.0738
0.1523 0.4277 0.1600 0.0831 -0.1477 -0.2462
14:1n-5
0.4673 0.0330 0.4449 0.6930 0.4811 0.2356
0.4377 0.7100 0.9477 0.6900 0.7085
16:0
0.0287 <.0001 <.0001 0.0001 <.0001
0.2046 0.3392 0.5885 -0.0046
16:1n-7
0.3265 0.0971 0.0020 0.9825
0.6808 0.2939 0.4254
18:0
0.0002 0.1540 0.0340
0.7092 0.8346
18:1n-9
<.0001 <.0001
0.5562
18:1n-7
0.0039
18:2n-6
18:3n-3
(ALA)
20:0
20:1n-9
20:2n-6
20:4n-6
20:3n-3

18:3n-3 20:0
(ALA)
0.1877 0.4446
0.3690 0.0260
-0.4546 0.2308
0.0224 0.2671
0.5946 0.6092
0.0017 0.0012
-0.0662 0.2677
0.7534 0.1958
0.3515 0.8877
0.0849 <.0001
0.7385 0.6008
<.0001 0.0015
0.6308 0.2462
0.0007 0.2356
0.9331 0.3400
<.0001 0.0963
0.2569
0.2151

20:1n-9 20:2n-6 20:4n-6 20:3n-3 20:5n-3
(EPA)
0.6223 0.3877 0.0369 -0.0904 0.0285
0.0009 0.0555 0.8609 0.6673 0.8926
0.2423 0.2400 -0.4946 -0.4048 -0.5023
0.2432 0.2479 0.0120 0.0447 0.0105
0.8185 0.1331 0.4992 0.4075 0.5115
<.0001 0.5260 0.0111 0.0432 0.0090
0.4985 -0.0277 0.0877 0.1062 0.0739
0.0112 0.8955 0.6768 0.6134 0.7257
0.7077 0.4092 0.2569 0.3182 0.2815
<.0001 0.0422 0.2151 0.1211 0.1728
0.7615 0.0346 0.6539 0.5329 0.6677
<.0001 0.8695 0.0004 0.0061 0.0003
0.5869 -0.3500 0.7369 0.5625 0.7315
0.0020 0.0863 <.0001 0.0034 <.0001
0.4839 -0.1831 0.7923 0.6252 0.8039
0.0143 0.3811 <.0001 0.0008 <.0001
0.3908 -0.3154 0.9231 0.6672 0.9292
0.0534 0.1246 <.0001 0.0003 <.0001
0.6777 0.2962 0.2323 0.3517 0.2554
0.0002 0.1506 0.2638 0.0847 0.2179
0.2308 0.3815 0.4271 0.3892
0.2671 0.0598 0.0332 0.0545
-0.3823 -0.1874 -0.3715
0.0593 0.3698 0.0674
0.7264 0.9977
<.0001 <.0001
0.7488
<.0001

20:5n-3
(EPA)
22:0
22:1n-9
22:6n-3
(DHA)
24:0
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22:0
0.2847
0.1678
-0.0131
0.9505
0.4774
0.0158
-0.0146
0.9447
0.6732
0.0002
0.4205
0.0364
0.1308
0.5332
0.2512
0.2258
0.1785
0.3933
0.6432
0.0005
0.4105
0.0415
0.3820
0.0595
0.0531
0.8010
0.1366
0.5149
0.0943
0.6541

22:1n-9 22:6n-3 24:0 24:1n-9
(DHA)
0.0354 0.1024 0.2215 -0.1100
0.8666 0.6263 0.2872 0.6007
0.0023 -0.2582 0.1962 -0.0446
0.9913 0.2127 0.3474 0.8323
0.2292 0.1139 0.4939 -0.1139
0.2704 0.5877 0.0121 0.5879
0.3315 -0.0897 0.2931 -0.2785
0.1054 0.6699 0.1551 0.1777
-0.0300 0.1055 0.6377 -0.2869
0.8868 0.6159 0.0006 0.1643
0.1423 0.1543 0.4292 -0.1023
0.4974 0.4614 0.0323 0.6265
0.4300 0.0762 0.1985 -0.0654
0.0319 0.7173 0.3416 0.7562
-0.0292 0.2767 0.2000 0.1277
0.8897 0.1806 0.3378 0.5430
0.0608 0.2436 0.1262 0.1246
0.7729 0.2406 0.5479 0.5528
-0.1239 -0.0962 0.7485 -0.2631
0.5553 0.6473 <.0001 0.2039
0.1731 0.0820 0.4800 -0.4169
0.4080 0.6969 0.0152 0.0381
-0.2992 0.1478 0.1177 -0.4385
0.1462 0.4808 0.5753 0.0283
0.1954 0.2117 0.1285 -0.0031
0.3493 0.3098 0.5406 0.9884
-0.0085 -0.0791 0.2655 -0.2089
0.9680 0.7070 0.1996 0.3162
0.1692 0.2024 0.1577 -0.0092
0.4187 0.3318 0.4516 0.9651
-0.2666 0.1547 0.5174 -0.1146
0.1977 0.4602 0.0081 0.5853
0.2155 -0.0569 0.0531
0.3009 0.7870 0.8011
-0.2628 -0.0797
0.2043 0.7050
-0.1139
0.5879

Figure 2.1. Mean ±SE Ω-3 fatty acid concentrations of larvae feeding on salmon oil supplemented
diets of varying concentrations (%) and for varying durations (d). Regression equations and
2

corresponding r values are given.
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Figure 2.2. Survival, final biomass and individual growth of larvae after
feeding on diets supplemented with 0-14% algae paste. Means followed by the
same letter were not significantly different from each other (Tukey tests, P <
0.05).
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Figure 2.3. Mean ±SE Concentration of ALA and EPA in larvae after
feeding on diets supplemented with 0-14% algae paste. Regression
2

equations and corresponding r values are given. Means for each fatty acid
followed by the same letter were not significantly different from each other
(Tukey tests, P < 0.05).
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CHAPTER 3
DESIGN AND PERFORMANCE OF A LOW-COST, AUTOMATED, LARGE-SCALE
PHOTOBIOREACTOR FOR MICROALGAE PRODUCTION.

3.1. Introduction
Algae are an informal, polyphyletic group of photosynthetic organisms. They include
both single and multicellular species, often referred to as micro- and macroalgae respectively
(South and Whittick 2009). Algal culture is a growing area of research for production of food,
fuel and pharmaceuticals, as well as for carbon sequestration. Algae are grown in a variety of
ways that range from simple outdoor ponds to highly sophisticated indoor photobioreactors
(PBRs) with automated maintenance of environmental parameters and continuous production
and harvest.
Algae are important as feed for many aquacultured species, including bivalve mollusks
such as the eastern oyster, Crassostrea virginica (Gmelin). Oyster hatcheries must produce large
amounts of microalgae to feed oyster spawn as they grow and metamorphose from free
swimming larva to shelled juveniles. This “seed” is then purchased by farmers to be grown to
marketable size in estuaries (Helm et al. 2004).
Tetraselmis chuii (Butcher) is a popular microalgae feed for northeast US oyster
hatcheries. Wikfors et al. (1996) found that T. chuii produced rapid growth in post-set oysters
and attributed that to its optimal nutrient profile, especially sterols and essential fatty acids.
Several reports confirmed that Tetraselmis sp. are amenable for growing under artificial
confinement (Okauchi and Kawamura 1997, Coêlho at al. 2013, Rafay et al. 2020), produce
valuable nutrients (Kim et al. 2016), and can be used to sequester CO2 (Pereira et al. 2018). Most
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of those studies utilized small benchtop-size experimental production systems. However,
Sananurak et al. (2009) and Pereira et al. (2018) demonstrated that production can be scaled up
to industrial volumes.
Photosynthetic microalgae require light, CO2, water, and a range of nutrients, in the
proper proportions, to grow and divide (asexually) at their maximum potential rate. A deficit in
any of these inputs, often referred to as a limiting factor, will reduce productivity or terminate
(“crash”) the culture. The specific inputs and proportions vary between species. Therefore,
optimizing production among varied algae species requires control of the PBR’s internal
environment, such as gas exchange, circulation, lighting, nutrients, pH, salinity, and temperature
(Lavens and Sorgeloos 1996).
Aeration is typically used to circulate the culture, prevent settling, and ensure uniform
conditions, such as light exposure and water quality. Aeration is also important for gas exchange
(CO2, O2) between the culture water and input air. Fine pore diffusers create small bubbles with
greater surface area for gas exchange; however, large bubbles are more efficient for circulating
water and provide a better mixing effect (Creswell 2010). Minimizing the entrance velocity of air
is important for reducing turbulence and resulting shear stress damage to cells (Barbosa et al.
2003).
Photosynthesis consumes CO2, which may become limiting for algal growth. Therefore,
CO2 injection via fine pore diffusers is commonly used to increase cell density (Lavens and
Sorgeloos 1996). Furthermore, as CO2 is removed from the culture, its pH rises. Most microalgae
species require a pH of 7-9, with a pH of 8.2-8.7 being optimal (Lavens and Sorgeloos 1996). If
the pH rise is significant, metabolic inhibition can occur and growth will be reduced (Juneja et al.
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2013). An automated CO2 dosing system controlled by a pH sensor serves to stabilize both CO2
and pH.
Light intensity requirements vary for different species of algae. However, 2.5K – 5 K lux
is generally considered optimal for microalgae growth, while 1K – 10 K lux is considered to be
the tolerable range (Creswell 2010). Productivity is limited when light intensity is too low or too
high, as the latter causes inhibition of photosynthesis, commonly referred to as photoinhibition,
and cell damage. Maintaining optimal irradiance with increasing cell density may require
additional sources of light rather than simply increasing light intensity at fixed points (Richmond
and Hu 2013).
Many marine microalgae species tolerate a range of salinity; however, their growth rates
are salinity dependent (Lavens and Sorgeloos 1996). Coastal facilities that utilize natural
seawater often experience fluctuating salinities and this may be important to control when
culturing algae.
Temperature is also important to control, especially if growing algae are in a greenhouse
or when heat from artificial lighting is significant. While the optimal temperature for microalgae
growth varies among species, growth declines more rapidly as temperature increases above
optimal than below (Bernard and Rémond 2012). Optimal growth conditions for T. chuii are
25°C at 30 ppt salinity (Molina et al. 1991, Fabregas et al. 1984).
More than 50% of an oyster hatchery’s operating expenses can go to microalgae
production (Borowitzka 1997). These costs could be greatly reduced by automation and
streamlining of culture scale-up (Gladue and Maxey 1994). In addition, utilizing fewer, largervolume units may reduce labor necessary for cleaning and preparing a single large PBR vs.
several smaller less productive vessels.
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Pereira et al. (2018) successfully grew Tetraselmis sp. on scales ranging from an agar
plate to a 100 m3 industrial PBR. However, they did not provide any information on PBR design,
presumably because of its proprietary nature. Sananurak et al. (2009) described an effective
internally illuminated system for integrated continuous production of Tetraselmis suecica (Kylin)
and its predator, rotifer Brachionus plicatilis (Müller). However, their apparatus had relatively
low volume (260 l) and was designed for continuous production at a fairly low cell density. Also,
although no cost information was provided by the authors, their PBR appears to be relatively
sophisticated in design and expensive to assemble. A large-volume, standard, modular design,
utilizing readily available, low-cost components is better suited to most aquaculture hatcheries
and farms. The following describes such a full-scale prototype PBR and its performance in terms
of algae production capacity and associated cost/ efficiency.
3.2. Material and methods
3.2.1. Photobioreactor design
The photobioreactor (PBR) measured 2.3 m tall and 1.4 m wide, with an operating
capacity of 1,700 l (Figure 3.1). It was constructed of a modified, 1,893 l, polyethylene, cone
bottom tank (#43850, Norwesco Inc., St. Bonifacius, MN). The top of the tank was modified
with a flat, detachable lid that bolted to a corresponding flange on the tank to facilitate mounting
of lamps and provide access to the PBR interior for cleaning and maintenance. A clear, acrylic
window was also added to the tank side wall for observation purposes; however, such a window
is not necessary for algal production.
Six submersible, fluorescent lamp assemblies (1.63 m long) were mounted in an equally
spaced ring, 45.7 cm from the center of the lid and suspended down into the algal culture (Figure
3.2). The lamp sleeves were constructed of 5.08 cm clear PVC pipe and standard schedule 40
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and 80 PVC fittings. Each lamp assembly contained two, 1.22 m long, T5HO fluorescent bulbs
(5000 lumen, 6500 kelvin, 54 watts). An acrylic ring at the top of the lamp was bolted to the
PBR lid. A 4.5 cm diameter, solid steel rod was cut into 5 cm lengths and used as ballast at the
bottom of each lamp assembly. Each lamp had an illuminated surface area (ISA) of 0.35 m2, for
a total of 2.09 m2 with all 6 lamps energized. Light intensity was measured at the lamp sleeve’s
surface using a handheld lux meter (MW700, Milwaukee Instruments, Rocky Mount, NC) Three,
equally spaced intervals along the lamp sleeve (25%, 50%, and 75% of total length) were
measured at four points, 90° apart, around the lamp’s circumference. Lamp surface light intensity
was 16,507 ± 489 (mean ± standard error) lux.
The algal culture was circulated by air injection at the PBR’s base, through the drain
valve fitting, using a 225 lpm, 0.48 bar piston air pump (Commercial Air 7, EcoPlus, Vancouver,
WA). A monitoring and control unit (MCU, Figure 2G) included pH, temperature, and optical
density (photoresistor) sensors connected to an open source microprocessor, datalogger, LCD
screen (Table 3.1) and custom printed circuit board (Figure 3.3). The MCU powered sensors
recorded data to an SD card while displaying in real time. They were programmed to maintain a
pH of 7 via a solenoid valve for CO2 injection from a compressed gas cylinder. A sensor
manifold of 2.54 cm PVC fittings housed the pH and temperature sensors and utilized an airlift
pump comprised of a small ball valve for air injection (Figure 3.2J) to create a closed loop flow
with the PBR while remaining accessible for service and maintenance. The optical density sensor
was mounted on the MCU enclosure such that it was pressed against the PBR tank wall to
measure light from the PBR’s internal fluorescent lamps. The total cost of materials was $3,709
(Table 3.2), but the cost of tank lid customization ($1,500) may not be necessary if lamps can be
mounted on the tank’s original, domed lid.
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3.2.2. Photobioreactor inoculation
Tetraselmis chuii Butcher (Chlorodendrales: Chlorodendraceae) inoculum (Algae
Research Supply, Carlsbad, CA) was grown in a 20 l bubble column (Varicon Aqua, Hallow,
Worcester, UK). For each batch of algae, 1,650 l of fresh well water (Table 3.3) was warmed to
room temperature, salinated to 30 ppt with artificial sea salt (Crystal Sea Marine Mix, Marine
Enterprises International, Baltimore, MD) and pumped into the PBR through a 5 µm filter. With
all PBR components in place, the water was chlorinated to 25 ppm and circulated with aeration
for four hours before chlorine was neutralized with sodium thiosulfate. The water was then
fertilized with 0.4 ml/l of Guillard’s F/2 media (Proline F/2, Pentair AES, Inc., Apopka, FL),
before being finally inoculated with T. chuii. High dose of F/2 media was used to ensure that
microalgae did not become nutrient limited.
3.2.3. Data collection
The control unit continuously measured and recorded the temperature, pH, and optical
density of the algal culture. These parameters were also measured manually every 24 hours to
corroborate control unit data. Cell density was measured daily (4 replicates) using a Reichert
Bright-Line hemacytometer (Hausser Scientific, Horsham, PA).
3.2.4. Data analysis
3.2.4.1. Algae growth and water quality
To test system performance under two light regimes, the first two PBR runs were
illuminated by six internal lamps. For the second two PBR runs, the six lamps were not moved
but one was turned off so that illumination was supplied by five internal lamps. Cell density
measurements were divided by the illuminated surface area (ISA) of their respective PBR runs
(cells/ µl/ m2 ISA). The linear growth portion of each replicate was determined from the growth
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curves of cell density data. Productivity was measured as algal cell doublings per day (k), which
was calculated according to Wood et. al. (2005):

k = ln (N2 / N1) / ∆T

Where N1 and N2 are cell density at two points in time, and ∆T is the time (in days) elapsed
between those two points.
For each replicate, k-values between successive points were tested for correlation to the
corresponding algal culture temperature and pH using Spearman’s rank correlation. An overall kvalue, calculated from the beginning and end points of log/linear growth, was used to compare
productivity between runs and estimate average productivity of the PBR. Growth curves were
adjusted to account for varying lag periods and varying cell densities at initiation of growth. The
time at initiation of growth and respective cell density was subtracted from raw values. This
synchronized initiation of growth between the four PBR runs (0, 0) facilitated model fitting.
Polynomial regression was used to model the generalized growth curve between the 6 and 5
lamp PBR runs as well as an overall model of the ISA corrected cell densities.
3.2.4.2. Optical density
The photoresistor received 5VDC from the MCU and its output voltage decreased with
decreasing illumination. To eliminate measurement error from ambient daylight, the average
voltage readings from 2300 – 0100 were used to calculate voltage drop (5V input – voltage
reading) for each day. Quadratic regression was then used to relate voltage drop to cell density
measurements for calculating optical densities (Fig. 4). This was done separately for the six-lamp
and five-lamp PBR runs. Optical densities were then adjusted for illuminated surface area, to
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generate growth curves (synchronized to initiation of growth, as above) and fit an overall
polynomial model.
3.2.4.3. Photobioreactor productivity
Optical densities were used to calculate daily k-values for each PBR run. Polynomial
fitting was used to model an overall productivity curve for the PBR.
3.3. Results
3.3.1. Water quality
Temperature inside the photobioreactor was 29.5 ± 2.38°C (mean ± SD, range 21-35°C)
and pH was 7.56 ± 0.87 (mean ± SD, range 5.29 - 8.97). Fluctuations in neither temperature (rs=
-0.4576, p= 0.0648) nor pH (rs= 0.3603, p=0.1558) were significantly correlated with algal
growth in the form of k values.
3.3.2. Algal culture growth
Coefficients and R2 values of all polynomial models are shown in Table 3.4.
Microalgal growth rates and maximum cell densities were lower in runs illuminated by five
lamps than those illuminated by six lamps (Figure 3.5). Microalgal growth curves were more
similar when corrected for illuminated surface area (ISA) during individual runs (Figure3.6). The
duration (mean ± SD) of lag, growth, and stationary phases were 125.94 ± 36.72, 250.49 ± 62.67,
437.21 ± 62.40 hours, respectively. A second growth period, following initial decline, was
observed in three runs.
The photoresistor exhibited a quadratic response to changes in cell densities (Figure 3.4)
and two different functions were used to calculate optical densities separately for the five- and
six-lamp runs. Growth curves from ISA corrected optical densities (Figure 3.7) were smoother
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than those from count-based cell density measurements due to more frequent sampling and
removal of human error.
Trends in daily productivity (k value) calculated from ISA corrected optical densities
were similar across all four runs. Maximum productivity occurred two days following initiation
of the growth phase. After that, it declined at a decreasingly rapid rate over the following 12
days, eventually reaching zero after two weeks (Figure 3.8).
When adjusted for ISA, there were no significant differences in k-values or maximum
cell densities among the four runs (Fisher’s exact test, P>0.05). All four runs had very similar kvalues during their linear growth phase, regardless of ISA. Linear growth commenced and
maximum cell density was reached later in time in the low ISA runs than the high ISA runs.
3.4. Discussion
Algal growth broadly followed a sigmoid growth curve that is typical for populations in
an environment with limited resources. There was an initial lag in growth as the algal culture
acclimated to the new environment. Once acclimated, the algal culture grew exponentially until
reaching its peak doubling rate (k-value, Figure 3.8) after 52 hours of growth. Growth then
reduced to an apparently linear function, most likely due to increasing cell density and resulting
light limitation. Eventually, the algal culture stabilized at a cell density where light was
insufficient for reproduction to offset mortality.
At ~126 hours, the lag phase was fairly long. It can probably be shortened by improving
initial inoculation. However, inoculum is ideally a high density of exponentially dividing cells
and 10% of the final volume (Borowitzka and Vonshak 2017). This requires careful coordination
and timing of several scale-up stages prior to PBR inoculation and may not always be feasible.
Additionally, water needs to reach temperature equilibrium with heat dissipated by fluorescent
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lamps, which also takes time. Depending on the specifics of particular aquaculture operations,
tolerating a lag period may be a more economical approach.
Growth curves and productivity are dependent on PBR characteristics such as volume,
illumination and water quality. Final cell densities in this study were similar to those reported by
Mohammadi et al. (2015) and Teo et al. (2014). At the same time, their k values were 0.17 and
1.08 lower, respectively, than those recorded in our investigations. Unfortunately, meaningful
comparisons among the three studies are complicated by the apparent differences in experimental
conditions and in the ways how k values were calculated. Mohammadi et al. (2015) provided
information on temperature and pH, but not on the container where the algae were kept. Teo et
al. (2014) used 1000 ml flasks, but did not say anything about stirring, aerating, or temperature.
As a basis for determining harvest times and production levels of the PBR designed for
our study, 300 hours (12.5 days) of growth yield 1700 l of microalgae at a density of 2500 cells/
µl (1200 cells/ µl/ m2 ISA). This is 10 -100 times higher than the final concentration to be fed to
bivalves in a hatchery. For example, Wallace et al. (2008) suggest 150 cells/ ml for feeding 290
µm C. virginica larvae. Therefore, output achievable in our system is convenient for short term
storage and reduced displacement of water when algal feed is introduced. Trovão et al. (2019)
found that Tetraselmis sp. settled at a rate of 3.44 cm/h and that simple gravity settlement, in the
absence of aeration, is an effective and efficient method of further concentrating algal biomass.
However, the extent to which this behavior can be employed on an industrial scale should be
weighed against possible reductions in cell viability and nutritional value. Furthermore, in a
commercial aquaculture operation harvest times are ultimately dictated by the dynamic, daily
demand for microalgae feed.
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Optical density was a useful proxy for cell density in the productive stages of culture
growth, and hence of optimal harvest times. However, optical density values (Figure 3.7)
diverged from true cell densities (Figure 3.6) in the later portion of growth. Abiusi et al. (2014)
found similar divergence and suggested that light transmission can be reduced by accumulation
of dissolved organic matter in the later stages of a batch culture. In the current study, there was
also increasing microalgal fouling on the tank walls and lamps. That fouling was likely to further
decrease the amount of light that reached photosensors, but only when the culture had aged well
beyond its practical harvest density.
Temperature and pH recorded in the present study were variable during runs, which has
also been reported for a comparable system in an earlier study (Rusch and Christensen 2003).
Nevertheless, both parameters remained within acceptable ranges for microalgal growth, at least
in terms of cell proliferation. The temperature range was mostly due to inoculating PBR before
allowing lamps to fully heat culture water. Although algal growth may have been slow at low
temperatures, it was still above zero. Therefore, we believe that early inoculation was a more
economically efficient approach than waiting until temperature stabilized around its maximum
values. The wide range of pH values was due to a single CO2 solenoid failure event. However,
the min and max values were extreme outliers and not representative of the overall conditions
during each run. The standard deviation was not very high compared to the mean (7.56 ± 0.87).
It is possible that physical factors can also affect cell properties, and thus the quality of
harvested product. For example, Tetraselmis sp. starch, chlorophyll and carotenoid levels were
related to salinity, irradiance level and pH (Dammak et al. 2018). Similarly, Chlorella
minutissima biomass and lipid content were maximized when grown at pH 8 and 27°C. A low
N:P ratio and 16:8 photoperiod also enhanced lipid content (Chandra et al. 2019). However,
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investigating these properties was beyond the scope of our study, which focused on system
productivity in terms of the increase in the number of Tetraselmis cells. Although environmental
control in our system was not very precise, it was still consistent in producing commercially
meaningful amounts of harvestable algae. Due to its low cost and relative simplicity of assembly,
we believe that the described apparatus is competitive with more sophisticated, but also much
more expensive, alternatives.
As expected, lighting was very important for the system performance. When the number
of lamps was reduced from 6 to 5, the productivity and maximum cell densities were reduced
disproportionately (>1/6). Tetraselmis growth appeared to be light limited, and individual cell
illumination decreased with the increase in their density and subsequent shading. While initial
photoresistor values were lower for 5 vs. 6 lamp runs, this sensor reached a similar, low-end
value in each run, corresponding to the maximum cell density. Therefore, that light level was
likely the point of light limitation for algal growth.
To minimize initial build cost and time, commercially available T5 fluorescent lamps
were utilized. However, light emitting diodes (LEDs) could increase system efficiency as they
produce less heat and generate a narrow band spectrum of light. The proper LED (or
combination of LEDs) can be targeted to the absorption spectrum of a given species’
photosynthetic pigment composition, thus greatly increasing photosynthetically active radiation
efficiency. The life expectancy of LEDs is also more than five times higher than that of
fluorescent lamps (Teo et al. 2014). However, the spectral composition of light that is optimal for
Tetraselmis growth is not yet known, with contradicting evidence reported by different authors.
For example, Teo et al. (2014) found that blue light (457 nm) increased, and red light (660 nm)
decreased, specific growth rate and lipid content in Tetraselmis sp. relative to white light. To the
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contrary, Abiusi et al. (2014) found exactly the opposite effect of red and blue light on the
growth of those algae.
With 24h illumination, the fluorescent lights, air pump, and monitoring/ control device
consumed 14.9, 1.9 and 0.1 kwh/ day, respectively (16.9 kwh/ day total). If the PBR is harvested
after 12.5 days, each batch would consume 211kwh or 0.124kwh/ l. This amounted to a total
input cost (not counting labor) of $7.59 for average productivity of 100 billion algal cells per
day, harvested as one batch after 12.5 days of incubation (Table 3.5). Similar costs for a
commercially available PBR for which we were able to find the necessary information
(Industrial Plankton PBR 1000L, Pentair AES, Inc., Apopka, FL) were $7.74 for the same
average daily productivity. Furthermore, the price of components for the described prototype was
~9 times lower than the price of the ready-made system sold by Pentair (Table 3.5). Avoiding
custom modification of the lid, which may be cheaper or even unnecessary in mass production,
will further decrease manufacturing expenses. Incorporating labor costs, on which we did not
have information, is likely to also affect the bottom line. However, the system described in this
study is fully automated and is easy to assemble. Therefore, we do not anticipate that labor costs
will make it prohibitively expensive.
Our study showed the feasibility of constructing a relatively simple, low-cost
photobioreactor for producing Tetraselmis chuii. Similar apparatus is likely to be also suitable
for other species of microalgae. This can be used as a more cost-efficient alternative to producing
microalgae in smaller vessels, such as ~150 l transparent fiberglass cylinders (Kalwall Tubes, or
“K- tubes”), which is commonly practiced in present-day aquaculture (e.g., Pentair T11 model,
Pentair AES, Inc., Apopka, FL). This PBR reduces labor and down-time compared with
cleaning, sterilizing and re-inoculating multiple smaller vessels. Higher cell densities are
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achieved with greater energy efficiency due to internal illumination and automated CO2
injection/ pH maintenance. The increased volume of the PBR makes monitoring and control
equipment economically feasible, thus allowing higher cell densities and smaller footprint.
Further refinement of the PBR could allow for continuous production where the culture is
maintained at an optimal density by continuous harvest and replacement with new water.
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Table 3.1. Monitoring and Control Unit Components.
Item

P/N

Vendor

Data Logging Shield

1141

Adafruit Industries, New York, NY

Metro 328

50

Adafruit Industries, New York, NY

Photocell

161

Adafruit Industries, New York, NY

LCD Screen

198

Adafruit Industries, New York, NY

LCD Backpack

292

Adafruit Industries, New York, NY

10K Thermistor

USP10981

U.S. Sensor Corp., Orange, CA

pH Sensor Kit

SEN0161

DFRobot, Shanghai, China

Table 3.2. Cost Breakdown of Photobioreactor Components.
Category

Cost (USD)

Tank and Stand

$959

Tank Modification1

$1,500

Plumbing and Hardware

$184

Lamps and Electrical

$1,066

Total

$3,709

1

Modification consisted of cutting off top of tank, welding a 2” flange around the tank’s

circumference and making a flat plastic lid with holes for inserting lamps and bolts and bolting
lid to tank flange.
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Table 3.3. Results of Standard Quality Analysis of Well Water Used in Photobioreactor.
Parameter
pH
Arsenic

Value

Units

8.3
Negative

Chloride

27.4

mg/l

Copper

<0.1

mg/l

147.5

mg/l

Iron

<0.1

mg/l

Lead

<0.05

mg/l

Manganese

<0.05

mg/l

Nitrite

<0.02

mg/l

Nitrate

<10

mg/l

Sodium

14.2

ppm

Hardness
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Table 3.4. Coefficients for Polynomial Functions Fitted to the Data on Changes Associated with Algal Population Dynamics in
the Photobioreactor. Graphic Representations of the Changes Are Shown on Figures 3.4-3.8.
Figure

Parameter

No.

Measured

3.4

Degree Polynomial
(X)8

(X)7

(X)6

(X)5

(X)4

(X)3

Optical density/ 6

(X)2

Intercept

R2

(X)

109.85

299.203

-89.95

0.93

376.36

-1879.8309

2480.86

0.89

lamps
3.4

Optical density/ 5
lamps

3.5

Cell density/

6

-1.13×10-12

1.40×10-9

-2.70×10-7

-2.06×10-4

0.06

7.7776

35.45

0.88

1.49×10-11

-1.56×10-9

-7.49×10-7

5.70×10-5

0.03

3.3753

49.91

0.95

lamps
3.5

Cell density/

-2.06×10-14

5

lamps
3.6

Cell density/ ISA

-6.23×10-13

8.61×10-10

-2.96×10-7

-3.66×10-5

0.02

2.8461

26.34

0.89

3.7

Optical density/

-4.42×10-13

7.02×10-10

-3.17×10-7

1.51×10-7

0.02

1.6791

31.34

0.91

-8.18×10-14

5.74×10-11

-2.35×10-8

5.63×10-6

-0.0007

0.0428

-0.17

0.80

ISA
3.8

Daily k values

-2.02×10-20

6.29×10-17
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Table 3.5. Comparative Inputs for Commercial Photobioreactor (Pentair PBR 1000L) and
Prototype Photobioreactor Used in the Present Study.
Pentair1

Prototype

$33,600.00

$3,709.002

Nutrients and CO2

$13.00

$4.70

Electricity (@ $0.10/kwh)

$28.00

$21.10

8.5

12.5

Tetraselmis, cells/µl

4,500

2,500

Batch volume, l

1,000

1,700

Input
PBR Cost

Days to harvest

1

Pentair AES 2016 (the last year for which input costs are available)

2

See Table 3.2. for cost breakdown
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Figure 3.1. General view of photobioreactor.
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Figure 3.2. Photobioreactor components- Six submersible fluorescent lamps (A) are
powered by switchbox (B). Carbon dioxide (C) is regulated by solenoid valve (D) and
injected by an airstone diffuser (E). The control unit has a built in photoresistor and is
connected to sensor manifold (G) with thermistor and pH electrode. A linear piston pump
injects air into the outlet manifold (I) to circulate algal culture. A side loop supplies the
sensor manifold via airlift (J) between the main outlet port (K) and return port (L).

49

Figure 3.3. Circuit diagram of custom circuit board used to connect sensors to Arduino and
control CO2 solenoid valve.
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Figure 3.4. Calibration curves relating cell densities to voltage drop in photoresistor to
calculate optical densities. Separate curves are for photobioreactor illuminated with six
lamps or five lamps. Optical density is an estimate of cell density calculated from light
transmittance of algal culture.
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Figure 3.5. Increase in densities of Tetraselmis chuii cells recorded in photobioreactor
illuminated with six or five lamps. Polynomial growth curves were fitted separately for
runs with six or five lamps. Initiation of growth set to origin (0, 0) for each run. Negative
values represent time/ density values lower than time/ density at initiation of growth.

52

Figure 3.6. Increase in densities of Tetraselmis chuii cells corrected by illuminated surface
area in photobioreactor. Solid thick line shows fitted sixth-order polynomial growth curve.
Initiation of growth set to origin (0, 0) for each run. Negative values represent time/ density
values lower than time/ density at initiation of growth.
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Figure 3.7. Increase in optical densities of Tetraselmis chuii cells corrected by illuminated
surface area in photobioreactor. Solid thick line shows fitted sixth-order polynomial
growth curve. Initiation of growth set to origin (0, 0) for each run. Negative values
represent time/ density values lower than time/ density at initiation of growth.
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Figure 3.8. Daily k values for Tetraselmis chuii population growth in photobioreactor. Solid
thick line shows fitted eighth-order polynomial curve.
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CHAPTER 4
AUTOMATED INCUBATOR FOR REARING BLACK SOLDIER FLY LARVAE,
HERMETIA ILLUCENS.
4.1. Introduction
Sustainable management of agricultural wastes is a serious challenge facing modern
human society. According to some estimates, ca. 25% of the food harvested in the world is lost
because of microbial spoilage. In the U.S., up to 40% of food is wasted due to production
inefficiencies and inconsiderate consumer habits (Nellemann et al. 2009, Gunders 2017). While
much of that waste can, at least in theory, be reduced through better handling of food materials
throughout their production and consumption lifecycle, some waste generation is still inevitable.
In particular, many agricultural byproducts do not have an immediate use, at least in the amounts
produced. As a result, they must be discarded in landfills and other dump sites, or incinerated
(Arvanitoyannis and Kassaveti 2008). Managing manure generated by large-scale industrial
livestock operations is often especially challenging and may present a considerable health hazard
(Hribar 2010).
Black soldier fly, Hermetia illucens (L.) (Diptera: Stratiomyidae), is commonly found
throughout the Western Hemisphere, including the continental United States. Larvae of this
species consume a variety of decaying substrates that they convert into potentially harvestable
biomass that can be used for animal feed. Larval tissues consist of approximately 40% protein
and 30% fat (Sheppard 1993, Newton et al. 2004). They may also acquire essential amino acids
and fatty acids, further improving their value for feed production (St. Hilaire et al. 2007,
Giannetto et al. 2020, also see Chapter 2 for more details). There is considerable interest in
developing technologies that use black soldier fly larvae for bioconversion of organic wastes on
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an industrial scale, with several large commercial facilities already in operation (Surendra et al.
2020, (Zhang et al. 2020).
Production of black soldier fly larvae requires maintenance of environmental conditions
favorable to their growth and survival. Several studies have shown that larvae develop most
rapidly, and achieve maximal prepupal weight, at temperatures ranging from 25 - 33°C. Growth
and development are slowed at lower temperatures and survival is reduced at higher
temperatures (Tomberlin et al. 2009, Chia et al. 2018). Substrate moisture between 40 - 60% (w :
w) supported the highest survival and shortest development time, from egg to adult, at 26.6°C
(Fatchurochim et al. 1989).
Although a considerable research effort went into studying growth and development of
black soldier fly larvae, almost all published studies were conducted on a small scale in
laboratory settings. Little information is available on larval performance under conditions more
typical of industrial production. This is an important deficiency because results of benchtop
studies do not necessarily translate directly to large-scale commercial facilities (Miranda et al.
2020). Furthermore, information on industrial production of black soldier flies is usually
proprietary and does not undergo peer review and publication in scientific journals.
This study describes the design and performance of an automated incubation system for
black soldier fly larvae production, capable of maintaining moisture content of larval feed
substrate, with minimal labor, energy consumption and footprint. The system is designed so that,
once loaded with larvae and feed substrate, no further maintenance is required until harvest. By
maintaining moisture at the bottom of each container, larvae can feed and grow in a portion of
the container volume while the overlying feed remains relatively dry. Excessive moisture levels
in substrate can also accelerate feed degradation and foul odors. As larvae grow larger, their
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feeding activity increases mixing of the substrate. As a result, an increasing volume of the
container becomes hydrated.
4.2. Methods
4.2.1. System Description
The prototype system was created by modifying a commercial kitchen platter cart (AL1812B, Winholt Equipment, Woodbury, NY). The open frame aluminum rack was enclosed with
11-gauge steel sheet with a loading door and a curved exhaust plenum made of fiberglass sheet.
Six, evenly spaced shelves were also added using the same steel sheet (Fig. 1, Front View).
The center of the exhaust plenum was plumbed with standard 4” residential clothes dryer
exhaust fittings including an inline fan (2.3 M3/min., 0.3 A, 120VAC, DB204C, Suncourt,
Durant, IA) and baffle to equalize air flow across the 6 shelves. With the exhaust plumbed to
building exterior, minimal odor enters the interior space where the incubator is installed.
Each shelf contained a 60x45x20 cm, polypropylene box (UCB-L, Iris USA, Pleasant
Prairie, WI) with a locking, gasketed lid. A 46x30 cm portion of each lid was cut away and
replaced with 20 µm nylon mesh. A 22x28 cm loop of 13 mm diameter soaker hose
(SoakerPRO, Scotts Miracle-Gro, Dayton, OH) was centered on the bottom of each bin and
secured with adhesive anchors and zip-ties. The ends of the soaker hoses connected to a water
supply line of PVC tubing via a barbed, nylon tee fitting and hose clamps. The PVC tubing
penetrated the sidewall of each bin and connected to a, bin specific, solenoid valve that was
secured to the side of the incubator. Dry disconnect fittings allowed the water lines to be
disconnected from the solenoid valves when bins were removed from the incubator (Fig. 1).
The solenoid valves (0.5A/ 12VDC, 2PCK-1/8-12VDC-D, WIC Valve, San Jose, CA)
were plumbed in parallel and connected to a pressure regulating valve (P60-M1-0-125 ¼, Watts,

58

North Andover, MA) which was set to a maximum pressure of 1 Bar. While the system can be
connected to domestic water supply (hose bib), in this experiment, the risk of flooding the space
with an unproven system and lack of floor drainage necessitated the use of a demand/ spray
pump (3GPM/ 0.9A/ 120VAC, Shurflo 2008-594-154, Pentair, Minneapolis, MN) connected to a
23L water reservoir that was manually refilled as needed (Figure 4.2).
The original system design utilized soil moisture sensors (FC-28, Uruk Systems,
Baghdad, Iraq) to control the solenoid valves which were connected to fogging nozzles (EXL
3/4GPH, DIGCorp, Vista, CA). However, the moisture sensors were not reliable, in large part
due to their quick corrosion. In addition, the soaker hoses were superior in delivering water
evenly to the larger volume of substrate in each bin (see discussion). Consequently, substrate
moisture sensing by moisture sensors/ moisture varying resistors were replaced by pressure
sensors/ force varying resistors (FSR-402, Interlink Electronics, Westlake Village, CA). Pressure
sensors were mounted on the underside end of paddles (33x6cm) made of 25 mm HDPE sheet. A
45 cm long x 75 mm diameter fiberglass rod spanned the entry of each shelf and was fastened
with adhesive anchors and zip ties. These rods served as the pivot for each paddle and as a
reference for consistent positioning of the bins over the sensors. With the bins resting on the
paddles, the pressure sensors were forced against the shelf below and their resistance served as a
relative measure of the overall weight of each bin. A 25 mm diameter x 10 mm high adhesive
felt disc was centered over each pressure sensor and served to both protect the sensors and
increase the proportion of the overall bin weight transferred to the pressure sensors.
An open source microprocessor (Arduino Mega 2560, Arduino, Turin, Italy) powered
each sensor and measured their resistance via a voltage dividing circuit. When sensor readings
dropped below a target value, the solenoid valves were energized via N-channel MOSFETs.
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Pressure sensor values were also recorded to an SD card and displayed in real time on an LCD
screen. The system was programmed to read sensor values every 5 minutes and to energize
solenoid valves, if needed, for 400 ms.
4.2.2. Experimental Design
4.2.2.1. Larval Origins and Initial Preparation
Black soldier fly larvae were obtained from Symton BSF (College Station, TX). Early
third instars were shipped in plastic containers with a coconut coir substrate. All containers were
combined into a single plastic tub and fed ad libitum with chicken feed (Flock Raiser Crumbles,
Purina, Arden Hills, MN, Table 4.1) hydrated to 60% moisture for three days.
To estimate the number and average weight of larvae, the larvae and substrate were
thoroughly mixed before immediately removing a small (1-2 g) sample of the mixture. The
sample was weighed before larvae were separated from the substrate, counted and weighed
again, independent of the substrate. This process was repeated 5 times to determine the average
weight of individual larvae and the average number of larvae / g of mixed substrate. The total
larvae / substrate mix was then weighed, and the total number of larvae was estimated. After
that, the substrate was again thoroughly mixed and immediately separated into three equal parts
(by weight).
Two batches of larvae were grown in the incubator to demonstrate performance. The first
batch included 11,264 larvae per bin, with an individual larva weighing, on average, 14.9 ± 0.8
mg. The second batch included 7,372 larvae per bin, with an individual larva weighing, on
average, 28.9 ± 2.1 mg. The number of larvae in those three parts was used to calculate the
chicken feed ration for each bin as 0.75 g chicken feed / individual larva. That equated to 8.45
and 5.53 kg of dry chicken feed, per bin, for runs 1 and 2 respectively.
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4.2.2.2. Loading and Running Incubator
Each bin received a temperature datalogger (iButton 1922L, Maxim Integrated, San Jose,
CA) which was tightly sealed in a small zip-lock plastic bag and zip tied to the soaker hose. A
temperature/ humidity logger (EL-USB-2-LCD, Lascar Electronics, Erie, PA) was secured to the
air intake side of the incubator and a second logger was secured inside the exhaust duct. All six
bins were loaded and measured identically with one exception. Three of the six bins did not
receive larvae. Hydrated chicken feed (200 g dry, 60% moisture, Purina Flock Raiser, Table 4.1)
was spread evenly in the center of each bin within the soaker hose loop. Every other bin then
received 1 of the 3 equal parts of the original larvae mix directly over the chicken feed. The odd
numbered bins received larvae in the first incubator run and the even bins in the second run. A
chicken feed ration of 0.75 g / individual larva was mixed with 10 L of loose wood shavings and
placed in each bin. Each bin received the same amount of chicken feed/ wood shaving mix. The
bins were closed, weighed and installed in the incubator. The initial pressure sensor voltage
readings were increased by 0.1V to set the target moisture level/ sensor reading. That target was
selected as a conservative increase in weight due to the addition of water for initial evaluation of
the system; therefore, further optimization may be warranted.
4.2.2.3. Regular Sampling of Substrate for Moisture Content
The bins were left undisturbed until they all reached their target moisture / pressor sensor
readings. The only disturbance thereafter consisted of sampling (~20 g) the top and bottom
substrate from each bin every 2-3 days until harvest. The top sample was scooped from the
surface while the bottom sample was retrieved by clearing away upper substrate and core
sampling the lower substrate with a 2 cm diameter, 20 cm length of clear PVC pipe attached to a
60 ml plastic syringe. The end of the pipe was sharpened, and the syringe plunger was drawn out
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as the pipe was pushed down into the substrate. Any larvae in substrate samples were returned to
their respective bins. Substrate samples were then weighed, dried to consistent weight, and
weighed a second time to calculate their moisture content.
4.2.2.4. Final Larvae Separation and Estimation
The larvae were harvested when they began leaving the substrate and climbing the walls
of any single bin. This corresponded to the initial appearance of darkened prepupae. The loose
material in each bin was sifted with a 1 cm plastic mesh sieve. Solid clumps of substrate were
carefully broken apart and larvae removed. Larvae-free substrate was returned to its original bin
for drying. The harvested larvae and remaining substrate were handled as described above for the
initial estimates of number and average weight of larvae prior to their loading in the incubator.
4.2.2.5. Power Consumption
The power consumption of the system was measured using a Kill-a-Watt meter and
reported as kWh/d. This metric excludes the demand diaphragm pump as this would not
normally be needed and decreases the efficiency of the overall system.
4.2.2.6. Statistical Analyses
Substrate moisture and temperature data were not normally distributed based on Wilk-Shapiro
test (P<0.001) (PROC UNIVARIATE, SAS Institute, 2020). Therefore, they were rank
transformed (PROC RANK, SAS Institute, 2020) and repeated measures ANOVA was used to
test for effects of larval presence, time, vertical position of bin, and their interactions (PROC
MIXED, SAS Institute, 2020). The first and second runs were tested separately.
Multiple regression was used to test for significant effects of the number of solenoid
opening events, and larval presence/ absence, on mean moisture in substrate samples taken on
the surface and on the bottom of the bins (Matlab R2020b, MathWorks, Natick, MA). The first
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and second runs were tested separately. Prior to regression analysis, the assumption of
independence between the two factors was validated using two sample T-tests. The T-tests were
selected based on the results of F-tests for the equality of their variances.
4.3. Results
4.3.1. System Performance
Larvae successfully grew following their release in the incubator, with 8-10-fold increase
in their biomass over experimental periods (Table 4.2). Mean power consumption was 0.48
KWH/ day over the duration of both incubator runs.
4.3.2. Substrate Moisture and Temperature
Significant results are shown in Table 4.3. Time, and its interaction with larval presence,
had significant effects on temperature in both runs. There was also a significant interaction
between time and vertical position in the second run. A similar trend was apparent in both runs,
whereby the bins with larvae warm quickly while the bins without larvae followed the intake air
temperature for the first 2-3 days (Figures 4.4 and 4.5). The bins without larvae eventually
warmed to a similar temperature, most likely due to the larvae bins heating the overall incubator
over time.
The sample depth was significant in affecting the substrate moisture content and sample
depth / larval presence interacted significantly in the second run (Table 4.3). Samples taken from
the bottoms of bins had higher moisture content than the surface samples although bottom
moisture generally decreased over time (Figure 4.6). During the second run, larval presence
significantly decreased moisture on the bottom of the bins but had little effect on the top of the
bins (Figure 4.6).
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The number of solenoid opening events for bins with and without larvae varied equally in
the first run but not in the second(P=0.014) according to two sample F-test (Excel, Microsoft,
Redmond, WA). Subsequent T-tests (Excel, Microsoft, Redmond, WA), assuming equal and
unequal variances respectively, found independence between factors (final larval biomass/
solenoid openings) for both runs (Run 1-T=1.11, df=4, p=0.16/ Run 2 T=-0.27, df=2, p=0.41).
Stepwise multiple regression analysis found that bottom substrate moisture was significantly
affected by larval presence in the first run (p=0.008, r2= 0.82, Figure 4.7) and by both larval
presence and the number of solenoid opening events in the second run (p=0.016, r2= 0.90, Figure
4.8). Surface moisture was not significantly affected by either factor in either run.
4.4. Discussion
The system was successful in maintaining an environment suitable for larval
development. The initial moisture control system utilized conductivity sensors to measure soil
moisture. However, those sensors could only measure moisture in a small, immediate area and
were unreliable over time due to corrosion. Replacing them with pressure-sensitive resistors had
many benefits, including more reliable readings and water dosing. Since the pressure sensors
were mounted externally on the bins, they were protected from moisture and corrosion. They
could also be hard wired to incubator, eliminating the necessity to be disconnected and
reconnected every time a bin was replaced or removed. Solenoid valves connected to soaker
hoses and controlled by pressure sensors provided sufficient and reliable supply of water.
Increasing the number of pressure sensors to at least three may further improve system
performance. This way, the entire bin could be supported on these sensors, providing a more
continuous measure of actual bin weight and water dosing. Another consideration is the loss of
substrate over time due to larval and microbial respiration (Garcia et al. 1995, Seo et al. 2004).
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As a result, not all decrease in bin weight could have been attributed to water evaporation.
Therefore, there was a possibility to overwater the substrate closer to the time of larval harvest.
However, in an industrial setting this can be ameliorated by measuring moisture content of the
substrate gravimetrically throughout several test runs, and then calibrating the solenoid valve
control system accordingly.
Biological activity in the bins generated a considerable amount of metabolic heat. As a
result, temperatures inside the bins became significantly higher than intake air temperatures as
experiments progressed, which is a common phenomenon accompanying decomposition of
organic wastes (Smith et al. 2017).
Bins that contained larvae warmed up earlier during both runs (Figure 4.4 and 4.5). Fly
larvae are generally known for producing copious amounts of heat because its generation in
larval aggregations provides adaptive benefits due to improved food assimilation (Green et al.,
2002) and protection from suboptimal ambient temperatures (Rivers and Dahlem, 2013). For
example, temperatures have been shown to reach up to 18.7°C above ambient within
aggregations of Lucilia cuprina (Diptera: Calliphoridae) (Kotze et al. 2016) and up to 14 °C
above ambient within aggregations of Lucilia sericata (Diptera: Calliphoridae) (Heaton et al.
2014). Therefore, it is not surprising that a similar situation also exists for black soldier flies.
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Later in the experiment, temperatures equalized between bins with larvae and bins
without larvae. It is possible that the latter warmed up due to microbial activity, heat exchange
with the bins that contained larvae, or the combination of those factors. It is also possible that
heating from larvae accelerated initial microbial growth in all bins.
Interestingly, temperatures of intake and exhaust air were very close to each other. This
suggests that air exchange through bin lids was not sufficient to heat exhaust air, and most
generated heat was trapped inside the substrate in each bin. Heat emitted by decomposing waste
materials is a valuable resource that can be captured and used for a variety of purposes (Smith et
al. 2017). It may be especially valuable for black soldier fly rearing in areas with cooler climates
because this species originates from warmer regions and is not particularly tolerant of cold
temperatures (Villazana and Alyokhin 2020).
Substrate moisture level was greatest at the bottom of the bins where water was supplied
by the soaker hoses. The presence of larvae decreased moisture on the bottom. That was likely
due to mixing the layers and by drinking some of the water by growing larvae. Increased
evaporation due to increased porosity of the substrate could have been another explanation.
However, that would have resulted in more solenoid openings in bins with larvae, which we did
not observe. Mixing of the substrate by larvae is beneficial to prevent its stratification into wet
and dry layers. Evaporation would reduce bin weight and pressure on sensor which would trigger
the solenoid valve to replace lost water and maintain bin weight. However, pressure sensor will
not respond to uneven water distribution.
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Prototype incubator designed and tested in the present study was successful in rearing
black soldier fly larvae to a harvestable size. It also highlighted the importance of microclimate
in rearing this species. Effects of various temperatures on the black soldier fly growth and
development have been extensively studied in the past (e.g., Tomberlin et al. 2009; Handen and
Tomberlin 2016; Spranghers et al. 2017; Chia et al. 2018). However, all of them focused on
ambient temperatures and often tested small groups of larvae that were unable to generate
significant amounts of heat (Heaton et al. 2014). Our investigations show that temperature and
moisture experienced by the larvae may be dramatically different from those in the surrounding
environment. This must be taken into consideration when scaling technologies up to industrial
levels.
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Table 4.1. Nutritional analysis and ingredients of chicken feed diet.

Purina Flock Raiser Crumbles
Guaranteed Analysis
Nutrient
Crude Protein (Min)
Lysine (Min)
Methionine (Min)
Crude Fat (Min)
Crude Fiber (Max)
Calcium (Ca)
Phosphorus (P) (Min)
Salt (NaCl)
Vitamin A (Min)
Vitamin E (Min)

Amount
20.00%
1.10%
0.55%
3.50%
5.00%
0.8-1.30%
0.60%
0.30-0.80%
7,000 IU/LB
14 IU/LB

Total Microorganisms (Min)
84x106 CFU/LB
(Bacillus subtilis, Bacillus licheniformis)
Ingredients - Grain Products, Plant Protein Products, Processed Grain By-Products, Molasses
Products, Calcium Carbonate, Soybean Oil, Lignin Sulfonate, Dicalcium Phosphate,
Monocalcium Phosphate, Salt, DL-Methionine, L-Lysine, Choline Chloride, Vitamin A
Supplement, Thiamine Mononitrate, Menadione Sodium Bisulﬁte Complex (Vitamin K),
Riboflavin Supplement, Calcium Pantothenate, Vitamin E Supplement, Magnesium
Supplement, Vitamin D3 Supplement, Potassium Sulfate, Niacin Supplement, Vitamin B12
Supplement, Biotin, Natural Flavor, Copper Sulfate, Dried Chicory Root, Folic Acid, Organic
Soybean Oil, Dried Bacillus subtilis Fermentation Product, Dried Aspergillus oryzae
Fermentation Extract, Dried Bacillus licheniformis Fermentation Product, Calcium Iodate,
Sodium Selenite.

Table 4.2. Growth of larvae in this study.
individual weight (mg)
duration
(days) start
end
change
run 1

mean
sd

run 2

8.83
-

mean
sd

7.00
-

biomass (g)
∆ g/
day

start

end

change

∆ g/
day

14.94

183.77

168.83

19.11

168.31

2102.12

1933.81

218.92

0.75

7.97

7.97

0.90

-

310.33

310.33

35.13

28.93

256.69

227.76

32.54

213.29

1898.62

1685.33

240.76

2.11

34.18

34.18

4.88

-

402.17

402.17

57.45
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Figure 4.1. Incubator Top View – Bin with soaker hose (A) being installed atop
pressure sensor (B) mounted on underside of paddle. Solenoid valve connector (C).
Exhaust plenum (D) with air baffle (E) and inline fan (F). Door removed to show
incubator bins attached to solenoid valves. Cutaway of exhaust plenum to right shows
air baffle and inline fan.
Table 4.2. Growth of larvae in the experimental
incubator.
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Figure 4.2. Incubator Side View - Water is supplied from a reservoir (A) via
diaphragm demand pump (B), cartridge filter (C) and pressure reducing valve
(D). A vertical manifold of 6 solenoid valves (E) are controlled by MCU (F) to
supply water to each of six bins. Grid of horizontal slots are for air intake.
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Figure 4.3. Incubator Front View – Door removed to show incubator bins attached to
solenoid valves. Cutaway of exhaust plenum to right shows air baffle and inline fan.
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Figure 4.4. Run 1 mean hourly temperatures at bottom of bins, with and
without larvae, plotted with incubator intake and exhaust air temperatures.
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Figure 4.5. Run 2 mean hourly temperatures at bottom of bins, with and
without larvae, plotted with incubator intake and exhaust air temperatures.
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Figure 4.6. Mean substrate moisture of run 1 and 2 bins, with and without larvae, at
surface and bottom, over time.
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Figure 4.7. Run1 mean moisture level of bottom substrate relative to solenoid valve
cycles and final larval biomass.
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Figure 4.8. Run 2 mean moisture level of bottom substrate relative to solenoid
valve cycles and final larval biomass.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS
Continuous problems with food security and malnutrition around the world, projected
growth of the human population over the next several decades and increasing unpredictability of
weather patterns due to global climate change create a considerable strain on agricultural
production. We need energy and space efficient systems for sustainably producing large amounts
of food. Further expansion of aquaculture may assist in meeting this challenge. Utilizing
aquaculture to produce food may increase efficiency, given that marine and aquatic animals have
higher food conversion efficiency than terrestrial counterparts occupying similar trophic levels.
Aquatic (and particularly marine) environments have far greater thermal stability. Therefore,
poikilothermy is predominant at all trophic levels, eliminating energy expenditures on
maintaining constant body temperatures.
As discussed in Chapter 1, integrated multitrophic aquaculture (IMTA) has great
potential for efficient food production in replicating existing examples of evolved efficiency in
nature while combining them with the man-made efficiency of an industrial production process.
If an Ecosystem can be established utilizing all (or mostly consisting of) marketable species, the
energetic cost of filtration, nutrient removal and gas exchange is borne by secondary, marketable
species. If such a system can be land based and recirculating, it is a particularly promising
approach. Although it requires higher initial investment relatively to open-water IMTA, it also
provides an opportunity for a greatly reduced environmental footprint through the creation of
closed-loop zero-waste systems and optimization of space use. Furthermore, controlled
conditions make land based IMTA less vulnerable to unfavorable weather events, which are
likely to be exacerbated by the ongoing process of the global climate change. To this end, the
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present dissertation describes development and testing of three important components of a future
novel IMTA system that incorporates black soldier fly larvae for recycling biogenic wastes into
harvestable biomass. Each of these components also have a stand-alone value and can be utilized
for a variety of purposes that do not necessarily entail completing the entire system.
First, we have demonstrated the capacity for black soldier fly larvae to increase
concentrations of fatty acids in their tissues, in a short period of time. This has important
implications for producing black soldier fly larvae for use in aquafeeds, where fatty acids can be
a critical dietary component. Microalgae such as Tetraselmis sp. is also an important aquafeed
and source of fatty acids, which is fed directly or may be bio-converted by black soldier fly
larvae into a more digestible/ nutritionally available form. In this study, the larvae were more
efficient in obtaining fatty acids from fish oil than from the microalgal paste. However, the latter
also served as a viable source of several fatty acids, including the essential fatty acids ALA and
EPA. Larval performance can be further improved by using different algal species, preprocessing
algae into algal oil or other products, and for combining supplements of algal and animal origin.
In this second part of the dissertation, we propose an inexpensive photobioreactor for use
in production of several batches of industrial quantities of Tetraselmis sp. This work
demonstrates the proof of concept for low cost, low labor production of microalgae utilizing a
large volume, automated apparatus. The system had an extended lag phase as a function of the
inoculation conditions such as changes in water quality, volume/ density of inoculum, and
growth phase. While that phase can be shortened by using higher amounts of inoculum produced
under more controlled conditions, feasibility of lag reduction may be compromised by higher
costs of raising stock algal culture. Also, the designed photobioreactor is suitable for producing
algal species other than Tetraselmis sp., some of which may grow faster and/ or be a better
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source of fatty acids for the developing black soldier fly larvae. Environmental sustainability of
the system can be further improved by substituting inorganic fertilizers added to the
photobioreactor with organic wastes generated by other components of the IMTA system,
including the black soldier fly rearing operation.
Finally, this work demonstrates that a growing system for black soldier fly larvae can
utilize an automated moisture control system and require little supervision. The designed
incubator can house the larvae from the time of inoculation to the time of harvest, with little
research time. The study also documented generation of a substantial amount of metabolic heat
by growing larvae, most of which remained trapped within the incubator. This represents an
additional useful output, especially in the areas with cold seasonal climates, such as Maine.
Introducing finfish and filter-feeding bivalve mollusks, such as oysters, will complete a
hypothetical land based IMTA system. Finfish will consume aquafeed that is formulated with
insect meal derived from the black soldier fly larvae instead of unsustainably harvested fish
meal. Solid waste left from processing finfish will be recycled by the growing fly larvae, thus
enriching them with valuable fatty acids. Wastewater from fish tanks can be used as a fertilizer
in photobioreactors growing microalgae. Microalgae that are not used to enrich diet of the black
soldier fly larva will be fed to oysters. In addition, larval frass can be suspended in water in
oyster tanks, providing them with additional organic matter.
A universal food security is unlikely to be achieved exclusively through technological
advances without also addressing numerous socioeconomic issues accompanying food
production and distribution. Nevertheless, new technologies comprise an essential part of solving
food-related problems that have been continuously plaguing the humankind since the dawn of
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times. High-intensity land based IMTA systems, such as the one envisioned in this project, have
a good potential to be an important part of these technologies.
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